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SHEET STRUCTURE IN GRANITES: ITS ORIGIN AND USE AS A 
MEASURE OF GLACIAL EROSION IN NEW ENGLAND" 


RICHARD H. JAHNS 
United States Department of the Interior, Geological Survey 


ABSTRACT 

Sheet structure in New England granites tends toward parallelism with the exposed rock surface and is 
completely independent of all primary rock structures, commonly transecting contacts between the granite 
and xenoliths, roof pendants, the country rock itself, and minor postgranite intrusive bodies. In general 
the sheets become progressively thicker, flatter, and more regular with increasing depth. Evaluation of the 
possible causes of the structure indicates that relief, through removal of superincumbent load, of a primary 
confining pressure is chiefly responsible for the large-scale exfoliation phenomena involved. Insolation, the 
progressive hydration and formation of chemical alteration products in certain susceptible minerals, and the 
mechanical action of fire, frost, and vegetation are possible minor contributory causes. 

With insignificant exceptions, sheeting in northeastern Massachusetts and adjacent parts of New Hamp- 
shire, where detailed studies have been made, is preglacial in origin. Its attitude with respect to present 
topography therefore facilitates certain comparisons with preglacial topography and thus permits minimum 
estimates of the thickness of material removed by glacial ice from specific localities. Not only do the granite 
sheets or shells thicken with depth, but statistical data demonstrate a fair degree of quantitative consistency 
in this relation. The sizes of large granite boulders—and therefore of the respective sheets from which they 
were torn—thus furnish an additional clue to their original depth beneath the preglacial surface. Results 
of these studies suggest the removal of a blanket of rock and preglacial regolith at least 10-15 feet thick by 
glacial abrasion and plucking from the stoss, or north, slopes of most hills, and of a somewhat greater thick- 
ness from their east slopes, summits, and west slopes. Severe plucking and quarrying of the rock appears to 
have been responsible for strongly concentrated erosion on the lee, or south and southeast slopes of many 
hills to maximum demonstrable depths in excess of 100 feet. 

INTRODUCTION nearly horizontal, being generally paral- 
lel with the granite surface.’ This con- 
centric layering is unusually well shown 
on many hills in northeastern Massa- 
chusetts and adjacent parts of southern 
New Hampshire, where the attitude and 
curvature of the sheet fractures tend to- 
ward close conformity with the exposed 
surface of the granite. 

This conformable relation between 
sheeting and bedrock topography is gen- 
erally consistent over most parts of an 
individual hill, but in some places, par- 


Sheet structure, or large-scale exfolia- 
tion, has long been recognized as one of 
the most prominent features of many 
New England granites. It has been de- 
scribed by T. N. Dale? as “the division of 
granite into ‘sheets’ or ‘beds’ by jointlike 
fractures which are variously curved or 


* Published by permission of the director of the 
Geological Survey, U.S. Department of the Interior, 
Washington, D.C., and the commissioner of public 
works, Commonwealth of Massachusetts, Boston, 
Massachusetts. 





“The Commercial Granites of New England,” 
U.S. Geol. Surv. Bull. 738 (1923), p. 26. 


ticularly on south slopes, a marked dis- 
cordance appears. The hill slope in these 
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places ordinarily dips more steeply than 
the sheet structure. It is a common as- 
sertion among quarrymen, for example, 
that such granite hills “open toward the 
south,” or that the exposed ‘“‘raw”’ edges 
of the granite sheets usually appear on 
south slopes only. Even a preliminary 





H. JAHNS 


The writer has had opportunity to ex- 
amine in detail many of the granite hills 
between Fitchburg and Lowell, Massa- 
chusetts, and several others in the vicin- 
ity of Milford, New Hampshire (see Fig. 
1). It became increasingly evident dur- 
ing the course of these examinations that 
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Fic. 1. 


Index map of a part of northeastern Massachusetts and southern New Hampshire. Localities 


discussed specifically in the text are marked by crosses as follows: A, Fletcher Hill and vicinity; B, Oak Hill 
and vicinity; C, Snake Meadow Hill; D, Kittredge Hill; Z, Rollstone Hill. 


examination suffices to show that this is 
due not to marked changes in the atti- 
tude of the sheet structure but to an ap- 
preciable oversteepening of the south 
slopes of such hills. Such selective over- 
steepening of bedrock hills has generally 
been ascribed by students of New Eng- 
land geology to glacial erosion, chiefly 
plucking. 


the present characteristics of sheet struc- 
ture and the type and amount of glacial 
erosion on any one hill are closely and 
consistently related. Since little quanti- 
tative information concerning — the 
amount of erosion accomplished by con- 
tinental ice sheets is yet available, it has 
seemed desirable to record and evaluate 
all obtainable data bearing on this inter- 
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esting problem in the areas studied. 
Some understanding of the probable ori- 
gin and significance of sheet structure (or 
exfoliation) is an essential prelude to any 
evaluation of the data; hence the first 
part of this paper is devoted to a discus- 
sion of the structure itself. Next, the 
effect of glacial erosion on sheet struc- 
ture is treated in the light of several rep- 
resentative examples; and, finally, statis- 
tical data are presented in support of the 
tentative quantitative conclusions ad- 





vanced. 
FIELD WORK 


All field work in Massachusetts was 
done under the joint auspices of the Geo- 
logical Survey, United States Depart- 
ment of the Interior, and the Depart- 
ment of Public Works, Commonwealth 
of Massachusetts, during the seasons 
1939-41. The studies near Milford, New 
Hampshire, were made in 1937, when the 
writer served as assistant to L. W. Cur- 
rier during investigations of the granite 
quarries in that district. Critical points 
were revisited in July, 1940. 


SHEET STRUCTURE IN GRANITES 


CHARACTERISTIC FEATURES 





Throughout this paper the term 
‘“‘oranite”’ is used in its broad commercial 
sense and therefore includes in the differ- 
ent areas discussed those rock types sci- 
entifically designated as granite, granite 
gneiss, and quartz monzonite. Not only 
are the general features of sheet structure 
similar in these three types, but they also 
appear to be characteristic of anortho- 
sites, most of the more granitic para- 
gneisses, and nearly all intrusive rocks of 
silicic and intermediate composition. 
Exfoliation domes, on which the sheet or 
exfoliation structure dips quaquaversal- 
ly, have been recognized in various ter- 
ranes in both glaciated and nonglaciated 
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regions,’ and most reports on commercial 
granites* contain numerous descriptions 
of the structure. 

The flat to gently curved fractures, 
‘seams,”” or partings that separate a 
granite into thin lenses and tabular 
masses (‘‘beds”’ or sheets) are most con- 
spicuously developed near the surface of 
the rock, where they generally conform 
to topography. With increasing depth 
the sheets tend to become progressively 
thicker, more nearly horizontal, and less 
irregular (Figs. 2, 3, 6, 12, 15). Their 
rate of thickening and the perfection of 
their development vary markedly in dif- 
ferent rocks and may vary within certain 
limits from place to place ‘n a single ig- 
neous mass. As seen in many quarries in 
the areas under consideration, individual 
sheets within 15-35 feet of the surface are 
generally thin, elongated lenses with ir- 
regular edges. ‘They vary in thickness 
from knife edges to several feet and nor- 
mally are so arranged that the thickest 
part of one sheet is overlain and under- 
lain by relatively thin parts of the im- 
mediately adjacent sheets (Figs. 2, 3, 6). 

Most of the intersheet fractures (or ex- 
foliation planes), if traced far enough, 
can be seen to merge with adjacent frac- 
tures; others fade gradually in intensity 
and disappear, so that two sheets unite to 


3 See, for example: H. W. Turner, ‘“‘The Pleisto 
cene Geology of the South-central Sierra Nevada, 
with Especial Reference to the Origin of the Yosem 
ite Valley,” Proc. Calif. Acad. Sci., Vol. I: Geology 
(3d ser., 1900), pp. 312-14, Pl. XXXVII; G. K. 
Gilbert, ‘Domes and Dome Structure of the High 
Sierras,’”’ Bull. Geol. Soc. Amer., Vol. XV (1904), pp 
29-36, Pl. III; T. L. Watson, “Granites of the South 
eastern Atlantic States,” U.S. Geol. Surv. Bull. 426 
(1910); W. J. Miller, ‘Exfoliation Domes in Warren 
County, New York,’’ New York State Mus. Bull. 149 
(1911), pp. 187-94; F. E. Matthes, “Geological His- 
tory of the Yosemite Valley,’’ U.S. Geol. Surv. Prof. 
Paper 160 (1930), pp. 114-17; Robert Balk, “Dis- 
integration of Glaciated Cliffs,’ Jour. Geomor ph., 
Vol. IT (1939), pp. 306-12. 


4 See, e.g., Watson, op. cit., and Dale, op. cit. 














Fic. 2.—Typical sheet structure in granite, north end of Upper Swenson quarry, Concord, New Hamp 
shire. Sheet fractures are intersected by steeply dipping joints. Photograph by L. W. Currier. 








Fic. 3.—Sheet structure in Chelmsford granite, southwest end of H. E. Fletcher quarry, Westford, Massa- 
chusetts. Note thin upper sheets. Several sheet fractures die out in foreground, thus uniting two or more 
sheets into single, much larger ones. Note strong mineralogic banding in the granite at extreme right. 
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form a single, much larger one (Fig. 3). 
Still others die out abruptly against 
much older, more steeply dipping joints, 
faults, or shear zones (Figs. 2, 4, 6) in- 
stead of passing through them with little 
or no change It is emphasized that a 
clear-cut distinction exists between sheet 
fractures (or exfoliation planes) and 
joints, faults, and similar features formed 
during the consolidation of the rock or as 
a result of tectonic activity after its con- 
solidation. F. E. Matthes,’ in his long- 
continued studies of geomorphic features 
in the Sierra Nevada, has noted that ex- 
foliation is well developed in massive, 
joint-free rocks only and that it is absent 
entirely from those rocks that are mod- 
erately to heavily jointed. A strikingly 
similar relation exists in the New Eng- 
land granites, where the most sparsely 
jointed parts of a given rock mass possess 
the greatest number of sheet fractures. 

The characteristic quaquaversal dips 
of sheeting on most granite hills are com- 
pletely independent of all primary struc- 
tures within the rock itself. This has 
been repeatedly stressed by Balk® in his 
observations on exfoliation in the Adiron- 
dack Mountains and in western New 
England. Countless quarry exposures in 
northeastern Massachusetts and south- 
ern New Hampshire show intersections 
between sheeting planes, on one hand, 
and foliation planes and mineralogic 
layering, on the other, that vary in angle 
from 1° to go°. The older, more primary 
structures tend to maintain a rather uni- 
form orientation, whereas the younger 
sheet structure is generally parallel with 
the present rock surface. This is not 
readily reconcilable with the suggestions 
of J. D. Whitney’ and J. H. L. Vogt* 
5 Oral communication, 1942. 


°Op. cit., pp. 306-12. 


7 Geology of California, Vol. I (1865), pp. 227, 


372; Q17- 


firhandl., No. 56, Vol. IV (1879). 
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that the attitude of sheeting conforms to 
the original shape of the intrusion. That 
no such genetic relation exists is further 
demonstrated by the random transection 
of roof pendants, xenoliths, late minor 
intrusive bodies (including pegmatite 
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Fic. 4.—Sheet structure transecting strong min- 
eralogic banding in Chelmsford granite. Small 
quarry west of Forge Village, Massachusetts. Folia- 
tion in the granite cuts the banding at distinct 
angles. Trace of foliation lies parallel to hammer 
handle. 


and aplite dikes), and even of the con- 
tacts of the main intrusive itself by the 
sheet fractures (Figs. 5, 6). Examples of 
the angular discordance between sheet- 
ing and older rock structures are shown 


8 “Sheets of Granite and Syenite in their Rela- 
tion to the Present Surface,’’ Geol. féren. i Stockholm 








Fic. 5.—Granite with xenoliths of injection gneiss, northeast face of Palm and Koleh quarry, Milford, 
New Hampshire. Sheet fractures pass through both rocks but are less regular in the gneiss. Photograph by 
L. W. Currier. 


Fic. 6.—Typical sheet structure in medium-grained granite, Kittredge quarry, Milford, New Hampshire. 
Note that sheet fractures are little affected by dike of fine-grained granite in left and center foreground. 
Photograph by L. W. Currier. 




















in Figures 8, 10, and 13 and are discussed 
further on. Several excellent examples of 
the transection of igneous contacts by 
sheet structure appear in the following 
quarries: 


1. Rafferty quarry (ESE. of Cow Pond at 
edge of Ayer quadrangle, Massachusetts): The 
north quarry opening shows several large xeno- 
liths and roof pendants of coarse, porphyritic 
biotite-granite gneiss in a finer, gneissic binary 
granite. Thin pegmatite dikes cut both rocks. 
On the west face of the south opening, an intri- 
cate contact zone between the granite and gneiss 
is well exposed. Sheet structure, which dips 9° 
25° east and east-northeast, passes through both 
rock types but is slightly less regular in the 
gneiss. Foliation in the granite lies N. 15° 
28° E., dip 85° E. to 85° W. 

2. Ward quarry (0.5 mile west of Flushing 
Hill, Tyngsboro quadrangle, Massachusetts): 
\n intricate contact zone involving gneissic bi- 
nary granite;a fine-grained, faintly gneissic gran- 
ite; coarse, porphyritic gneissic biotite granite; 
and thin pegmatite dikes is exposed on the west 
quarry wall and is there transected by sheet 
structure that dips moderately to the northeast. 
Foliation in the rocks has a general N. 35° E. 
strike and dips 85° SE. 

3. Quarry on east side of Oak Hill (0.6 mile 
north of H. E. Fletcher quarry, Tyngsboro 
quadrangle, Massachusetts): A gneissic binary 
granite contains a large xenolith of coarse, por- 
phyritic, gneissic biotite granite. Both rocks are 
cut by sheet fractures that dip gently to the 
east and southeast. Foliation of rocks: N. 38°- 
40° E., dip 85° SE. 

4. Tonella Old quarry (1.6 miles south of 
Milford, Milford quadrangle, New Hampshire): 
Contacts between a fine-grained biotite granite 
and coarse, granitic injection gneiss are exposed 
on the west, south, and southeast quarry walls 
and are crossed by flat to very gently dipping 
sheet fractures. 

5. Tonella King quarry (0.7 mile southeast 
of Milford, Milford quadrangle, New Hamp- 
shire): Medium to coarse biotite granite; 
coarse, granitic injection gneiss; fine-grained 
biotite granite; vitreous quartzite; and thinly 
foliated amphibolite are intimately associated 
in the southwest corner of the quarry. Although 
the sheet structure, which dips gently eastward, 
is much more regular in the granites than else- 
where, individual sheet fractures pass indis- 
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criminately through all the rocks. Foliation of 
rocks: N. 60°-80° W., dip 40°—70° S. 

6. Palm and Koleh quarry (1.5 miles north- 
northeast of Milford, Milford quadrangle, New 
Hampshire): Coarse pegmatitic gneiss is cut by 
a small plug of fine-grained biotite granite, with 
contact relations unusually well shown at the 
northeast corner and south end of the quarry. 
Sheet structure transects both rocks but is 
slightly less regular in the gneiss (see Fig. 5). 
Attitude of gneissic structure: N. 65°-70° E., 
dips vertical. 


Not only is sheet structure generally 
conformable with the surface of hills, but 
it also is parallel to hollows and valleys. 
This synclinal or basin-like attitude was 
seen in several areas of nearly continuous 
exposures near Milford, New Hamp- 
shire, and on Oak Hill in Westford, Mas- 
sachusetts, and has also been reported 
from the Sierras by Gilbert? and Mat- 
thes.’° 

Sheet structure, with its open frac- 
tures, has been observed at points as 
deeply within bodies of New England 
granites as artificial openings have been 
made. Thus it is known to extend to 
depths of at least 320 feet at Quincy, 
Massachusetts; 150 feet in the H. E. 
Fletcher quarry, Westford, Massachu- 
setts; 200 feet at Barre, Vermont; and at 
least 150 feet on Crotch Island, Maine. 

That many, if not most, New England 
granites are under considerable compres- 
sive strain is readily demonstrable. In- 
dividual, freshly exposed sheets on quar- 
ry floors have been known to split sud- 
denly into two or more sheets, either by 
the scaling-off of broad, thin flakes or by 
the ‘“‘popping-up” of new sheets several 
inches in thickness. Release of strain has 
been accomplished in many quarries on 
Oak Hill, Westford, Massachusetts, 
through development of vertical fissures 
and diagonal slip-fractures or through 
lateral expansion of sheets to fill artificial 


9 Op. cit. 10 Op. cit., pp. 116-17. 
PI 














openings. Thus, for example, several 
freshly cut channels in the Morris 
Brothers quarry have been suddenly nar- 
rowed to slightly more than half their 
origina] widths, and strike-slip movement 
of half an inch or more has occurred 
along others. Similar features have been 
reported from the H. E. Fletcher quarry, 
and many comparable examples from 
other quarries are listed by Dale.” 

The characteristic features of sheet 
structure, as seen in the granites exam- 
ined by the writer, may be summarized 
as follows: 

1. Individual sheets are bounded 
above and below by flat to broadly un- 
dulatory fractures and characteristically 
are thin lenses or tabular masses. The 
thickest part of one sheet ordinarily lies 
in contact with relatively thin parts of 
the adjacent sheets. 

2. The structure tends toward paral- 
lelism with the rock surface, both on hills 
and in depressions. 

3. With increasing depth, the sheets 
generally become progressively thicker, 
flatter, and more regular. 

4. Sheet structure is completely inde- 
pendent of all primary structures in the 
rock; and individual sheet fractures com- 
monly transect small pegmatite, aplite, 
and granite dikes, as well as contacts 
with xenoliths, roof pendants, and the 
country rock itself. 

5. Sheeting is best developed in the 
most sparsely jointed parts of a given 
rock mass. 

6. Sheet fractures are present at and 
near the bottoms of the deepest New 
England granite quarries. 

7. Definite evidence that many of the 
granites of New England are under com- 
pressive strain is observable in a large 
number of quarries, as well as in some 
natural exposures. 


11 Op. cil., pp. 32-35. 
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ORIGIN OF SHEET STRUCTURE 

Sheeting in granite was first described 
145 years ago,” and since that time few 
rock structures have been attributed to 
such a variety of causes. Among the 
possible causes that have received most 
serious consideration are the following: 

1. Tensional or contractional strains 
set up during cooling of an igneous mass, 
resulting in horizons of weakness orient- 
ed parallel to the walls of the mass or to 
some other primary surface. 

2. Local or regional compressional 
stresses active after consolidation of the 
rock. 

3. Insolation, with attendant daily 
and secular temperature changes. 

4. Progressive hydration and forma- 
tion of chemical alteration products in 
certain susceptible minerals. 

5. Mechanical action of fire, frost, and 
vegetation. 

6. Diminution of primary confining 
pressure (to which the rock has become 
adjusted) by removal of superincumbent 
load. 

7. Combinations of the above causes. 


Despite the glacial drift that mantles 
large areas, many of the granite bodies 
of northeastern Massachusetts, southern 
New Hampshire, and neighboring regions 
are well exposed. Furthermore, exten- 
sive quarrying operations have opened 
up numerous vertical sections, so that 
an unusually fine opportunity is afforded 
to evaluate the above-listed propositions 
in the light of abundant data. The possi- 
ble causes of sheeting are discussed in the 
order given. 

It is evident that sheet structure bears 
no genetic relation to the emplacement 
and consolidation of an igneous mass, for 
(a) its orientation is independent of all 
primary structures in the mass; (6) it 


12 See references in ibid., p. 26. 
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transects contacts between the intrusive 
rock and xenoliths, roof pendants, and 
the country rock; (c) it transects later 
minor intrusive bodies within the mass; 
and (d) it is present with various orien- 
tations in injection gneisses, replacement 
granites, and similar rocks not of normal 
intrusive origin. Similarly, it is obvious 
that no direct relation exists between the 
attitude of sheeting in granite and the 
attitude of bedding in adjacent stratified 
rocks, even though in some places the 
two may appear to be parallel. This ap- 
parent parallelism probably moved 
Dale’’ to theorize that granite domes 
“may possibly be referred to major 
arches (anticlines) in the folds of the 
stratified rocks that originally overlay 
the granites.”” This suggestion hardly 
applies to the areas under consideration, 
where the rather gently dipping sheet 
structure in the granites is strongly con- 
trasted with the very steeply dipping 
homoclinal bedding and foliation found 
throughout the surrounding metasedi- 
ments. Further, steeply dipping injec- 
tion gneisses of known sedimentary ori- 
gin also show the characteristically gen- 
tle sheet structure. This is especially true 
in the Milford, New Hampshire, district. 

The clear-cut relation of sheeting to 
topography, rather than to the shape of 
the granite body or to the structure of 
the surrounding country rock, naturally 
lends credence to the oft mentioned ac- 
tion of insolation as a fundamental cause. 
That it actually is a factor is further sug- 
gested by the marked effect of tempera- 
ture on the ease and perfection of split- 
ting in many granites. On the other 
hand, it should be borne in mind that (a) 
sheet structure extends to depths far be- 
yond those to which insolation could pos- 
sibly be effective; (b) granite in many 
areas is under severe compressive strain 


13 Tbid., p. 35. 








SHEET STRUCTURE IN GRANITES 79 


that is present to considerable depths, as 
shown, for example, by the sudden for- 
mation and spalling-off of new sheets on 
freshly exposed quarry floors; and (c) 
many well-sheeted exposures are situ- 
ated on heavily wooded north slopes, 
where they receive little or no contact 
with the rays of the sun. Additional ar- 
guments, as well as field and experimen- 
tal data that raise serious doubts con- 
cerning the efficacy of insolation as a pro- 
ducer of sheet structure, have been re- 
corded by Eliot Blackwelder and Rollin 
Farmin;* their views on this question are 
similar to those of Matthes" and Balk." 

It has been noted by some geologists"® 
that considerable numbers of thin sheets 
commonly occur in New England gran- 
ites at places where the glacial drift is 
thin or absent, whereas granite that is 
covered by several feet or more of drift 
may be much more thickly sheeted. This 
might be interpreted as strong evidence 
favoring the insolation hypothesis—at 
least for the development of the upper, 
thinner sheets-—but it is equally true 
that very thinly sheeted granites also are 
covered by appreciable mantles of drift 
at many places, as, for example, at the 
H. E. Fletcher quarry, Westford, Massa- 
chusetts; the Henry Fletcher quarry, 
north of Littleton, Massachusetts; and 
the Palm and Koleh quarry, north of 
Milford, New Hampshire. Although the 
process of insolation cannot be disregard- 
ed entirely, its part in the production of 
sheet structure is evidently a minor one, 


14 “Exfoliation as a Phase of Rock Weathering,’’ 
Jour. Geol., Vol. XXXITII (1925), pp. 793-806; 
“The Insolation Hypothesis of Rock Weathering,” 
Amer. Jour. Sci., Vol. XXVI (5th ser., 1933), pp. 
97-113. 

's““Hypogene Exfoliation in Rock Masses,” 
Jour. Geol., Vol. XLV (1937), pp. 625-35. 


'©Op. cit., pp. 114-15. 17 Op. cit., p. 310. 
18 G. F. Loughlin and L. W. Currier, oral com- 
munications, January, 1942. 
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and its effects must be confined to a rela- 
tively thin, surficial zone. 

Development of rock stresses through 
mineral hydration and formation of 
chemical alteration products may well be 
an important contributory cause under 
favorable climatic conditions and at 
points near the rock surface, as suggested 
by Blackwelder.'® In the granites of New 
England, however, the effects of this 
process must be slight, as demonstrated 
by the freshness of mineral grains along 
most sheet fractures. Even microscopic 
examination of specimens taken from 
near-surface sheets reveals no signs of 
severe weathering. It should be borne in 
mind, moreover, that sheet structure is a 
feature distinctly different in origin and 
significance from the “exfoliation” of 
spheroidally weathered rock masses. 

The exfoliation of stone blocks in 
burned buildings, of boulders in burned- 
over woodland areas, and of the rock 
along the roofs of unlined railway tunnels 
bears testimony to the production of 
powerful stresses by strongly directed 
heat. Similarly, the mechanical action of 
frost and the roots of trees is capable of 
fracturing exposed rock. These processes 
can be effective, however, only near the 
surface and under peculiarly favorable 
conditions; hence they cannot be regard- 
ed as more than minor, subsidiary causes 
of sheet structure. 

The most probable fundamental cause 
appears to be dilation upon the relief of a 
primary confining pressure—to which 
the rock has become adjusted—through 
removal of superincumbent load. This 
has been suggested by several geologists, 
among them Gilbert,” Matthes,* G. W. 


19 “Exfoliation as a Phase. ... ,’’ op. cit.; “The 
Insolation Hypothesis .... ,”’ op. cit. 


20 Op. cit., pp. 29-30. 

2" Op. cit., p. 115; ‘Exfoliation of Massive Granite 
in the Sierra Nevada of California” (abstr.), Proc. 
Geol. Soc. Amer. 1936 (1937), PP. 342-43. 


Bain,” Farmin,’* and Balk.** The proc- 
ess has been clearly described by Far- 
min,*> who states: 

The unloading of rock masses is continually 
in progress as erosion brings nearer and nearer 
to the surface rocks adjusted to the heavy pres 
sure which must prevail in the deeper portions 
of the earth’s crust. The unloaded rock will tend 
to expand and will do so by fracture wherever 
internal stress exceeds its elastic strength. 


He continues, in speaking of a plutonic 
or a deeply buried or folded sedimentary 
or volcanic rock, as follows: 

When erosion brings a rock of this type to 
the surface a dilation of the rock will tend to en- 
sue, proportionate to the unloading. The dila- 
tion may cause doming and exfoliation, inde- 
pendent of weathering. As the rock is weakened 
by the subsequent attack of weathering, a fur- 
ther exfoliation may develop at points where 
the rock was strong enough to withstand its in- 
ternal stress before attack. 

With gradual unloading of a granitic 
rock the released forces within it should 
be directed toward the nearest exposed 
surface. This is in agreement with the 
observed general parallelism between 
topography and the concentric shells, or 
sheets, formed by expansion of the rock. 
Release of these forces should chiefly oc- 
cur through movements among pre-exist- 
ing fracture planes in jointed rocks rather 
than by development of many new frac- 
tures; this also is in accord with existing 
conditions, since the least jointed gran- 
ites are the most thinly and regularly 
sheeted. The evidence of compressive 
strain in quarries and natural exposures, 
the youthfulness of sheet structure with 
respéct to primary structures in the gran- 
ite and with respect to structure of the 
adjacent country rock, the depths to 
which sheeting is known to extend, and 

22 “Spontaneous Rock Expansion,’’ Jour. Geol., 
Vol. XXXIX (1931), pp. 715-35. 

23 Op. cit. 24 Op. cit., pp. 310-11. 


5 Op. cit., pp. 632-33. 
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the gradual downward changes in atti- 
tude and thickness of the sheets them- 
selves are characteristic features entirely 
compatible with an origin involving dila- 
tancy through removal of overlying load. 
Moreover, laboratory experiments by 
several independent investigators” have 
demonstrated that cylinders and spheres 
of limestone and other naturally occur- 
ring substances, if suitably compressed, 
commonly develop typical exfoliation 
shells upon relief of the pressure. 


GLACIAL EROSION ON GRANITE HILLS 
GENERAL STATEMENT 

Erosion beneath the ice sheets that 
covered New England during the Pleisto- 
cene must have been a highly irregular 
process. ‘That it did occur to a significant 
degree at many individual localities can 
be proved easily enough, as shown, for 
example, by N. S. Shaler,?’? B. K. Emer- 
son,?* W. H. Hobbs,?’ and W. J. Miller,*° 
and yet its actual magnitude at these lo- 
calities has remained in doubt. The more 
general amounts of erosion accomplished 
by continental glaciers have been dis- 
cussed and variously estimated by many 
geologists, few of whom have reached 

See, e.g., F. D. Adams, “An Experimental 
Investigation into the Action of Differential Pres- 
sure on Certain Minerals and Rocks, Jour. Geol., 
Vol. XVIII (1910), p. 517; P. W. Bridgman, ‘‘Re- 
flections on Rupture,” Jour. Appl. Phys., Vol. IX 
1938), pp. 517-28. 

“The Conditions of Erosion beneath Deep 
Glaciers, Based upon a Study of the Boulder Train 
from Iron Hill, Cumberland, Rhode Island,” Budl. 
Harvard Mus. Comp. Zodl., Vol. XVII (1893), pp. 
192-90, 207-14. 

28 “Geology of Old Hampshire County, Massa- 


chusetts,”” U.S. Geol. Surv. Mono. 29 (1898), pp. 
518-21. 

»“An Instance of the Action of the Ice upon 
Slender Projecting Rock Masses,” Amer. Jour. Sci., 
Vol. XIV (4th ser., 1902), pp. 399-403. 

3° “Tce Movement and Erosion along the South- 
vestern Adirondacks,” Amer. Jour. Sci., Vol. 
XXVII (4th ser., 1909), pp. 289-08. 
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complete agreement. Although the argu- 
ments and enumerated points of evidence 
are stimulating, their treatment is be- 
yond the scope of this paper; the reader 
is instead referred to an excellent sum- 
mary discussion by F. T. Thwaites,** who 
concludes that ‘erosion by continental 
glaciers was undoubtedly of major impor- 
tance only where favored by rough to- 
pography, mechanically weak rocks, and 
concentrated flow.” 

Without question the topography of 
northwestern Massachusetts and adja- 
cent parts of southern New Hampshire 
must have been peculiarly favorable to 
glacial erosion, especially by plucking or 
quarrying. With a total relief that ex- 
ceeds 500 feet in few places, much of the 
area is nevertheless hilly and has many 
steep slopes. Moreover, the hilly areas 
generally are separated by fairly broad 
valleys; these must have minimized the 
importance of a process cited by 
Thwaites,*? in which considerable parts 
of the bases of continental ice sheets “‘are 
caught between hills and left stagnant, 
the upper ice shearing over these parts.” 
The low over-all relief of the region would 
also militate against such occurrences. 
Finally, many rock hills exposed at iso- 
lated positions within rather extensive 
lowland areas must have been particular- 
ly susceptible to glacial plucking and 
abrasion. 


GLACIAL EROSION AND SHEET STRUCTURE 
Sheet structure in granites was shown 

to be preglacial in origin as early as 

1879.55 That the formation of sheet or 

exfoliation fractures, even to depths of a 

few tens of feet, requires thousands of 

centuries has been clearly shown by 
3" Outline of Glacial Geology (Ann Arbor, Mich.: 

Edwards Bros., Inc., 1934), pp. 19-21. 

32 Op. cit., p. 19. 

33 Vogt, op. cit. 
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Matthes,*4 who enumerates several lo- 
calities in the Yosemite region at which 
granite masses that ‘‘were stripped of all 
their shells by the overriding Merced 
Glacier of the Wisconsin stage, still show 
no signs of renewed exfoliation over the 
greater part of their surfaces.”’ In many 
places, therefore, the postglacial interval 
of about two hundred centuries has been 
too short for the opening of a single new 
sheet (or exfoliation) fracture. Similarly, 
only a few shells (or sheets) have formed 
parallel to surfaces exposed since the E] 
Portal glaciation, or for a period esti- 
mated by Matthes** to be about two 
thousand centuries. Naturally, these 
data must be extrapolated to rock masses 
in other areas with considerable caution; 
nevertheless, it is certain that very few 
sheet fractures have formed since Wis- 
consin time in those areas where data are 
available. 

The great granite domes of unglaci- 
ated regions, such as Stone Mountain, 
Georgia, and Mount Airy, North Caro- 
lina, owe their smooth, sweeping curves 
to the long-continued action of progres- 
sive exfoliation. It seems reasonable to 
assume that the granite hills of New 
England, having experienced hundreds 
of centuries of denudation, were some- 
what similar features at the close of 
Tertiary time and that the configuration 
of their surfaces was broadly controlled 
by sheet planes. During the glacial epoch 
these sheeted granites, which are divided 
into angular blocks by steeply dipping 
joints and shear planes (see Fig. 2), must 
have been easily plucked and quarried by 
the advancing ice. The large number of 
angular granite blocks in the drift bears 
testimony to this process, the mechanism 
and effects of which have been described 
in detail by Matthes.*° 

34 “Geologic History... ., ’ op. cit., pp. 115-16. 


36 Tbid., pp. 89-102. 


5 Tbid., p. 115. 
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After removing all patches of regolith, 
glacial ice would normally abrade and 
thus smooth the resistant granite on the 
stoss side of a given hill. On the other 
hand, it would excavate and carry away 
considerable quantities of fractured rock 
from the lee side, almost wholly by pluck- 
ing and quarrying. Somewhat smaller 
amounts of granite presumably would be 
removed from the top and other sides of 
the hill by combinations of the above 
processes. Thus we should expect most 
granite hills in New England to have rel- 
atively smooth and regular north and 
northwest slopes that are rather strictly 
conformable with underlying sheet struc- 
ture; somewhat less regular east and west 
slopes on which the exposed edges of a 
few sheets are visible; and abrupt, irregu- 
lar south and southeast slopes, on which 
the torn edges of many sheets are ex- 
posed or are buried by drift. 

Ideal sections of a hypothetical gran- 
ite hill are shown in Figure 7. The upper 
section illustrates the hill profile as it 
may well have appeared before glacia 
tion, with topography in general con- 
trolled by sheet structure. The lower sec- 
tion shows the hill at the present time, 
with maximum glacial erosion having oc- 
curred on its south slope. Appreciable 
amounts of rock have been removed 
from its top, in large measure because 
supporting rock had been excavated from 
the upper part of the lee slope. The most 
feeble erosive action on such a hill was 
on the north, or stoss, slope. That the 
lower of these ideal sections is strikingly 
similar to many existing granite hills in 
northeastern Massachusetts and south- 
ern New Hampshire will be shown in the 
following section of this paper. 

It is evident that reconstruction of the 
preglacial profile of a hill (Fig. 7, a) by 
means of present-day attitudes of sheet 
structure is impossible, chiefly because 
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the absolute altitude of the preglacial 
surface cannot be determined. It is pos- 
sible, however, to construct a profile 
(Fig. 7, 6) that lies approximately paral- 
lel to the preglacial profile and beneath 
it by an amount equal to the depth of 


across individual pre-existing sheets that 
do not conform to the present surface, 
but in most places even the thinnest 
upper sheets can be shown to pass un- 
changed beneath appreciable thicknesses 
of glacial drift. The edges of the much 
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ture before and after glaciation. 


erosion on the least affected part of the 
hill (usually the north slope). Thus a 
minimum quantitative estimate of gla- 
cial erosion can be obtained for certain 
specific localities. 

The formation of newly oriented 
sheets parallel to postglacial surfaces has 
been almost negligible. Here and there a 
single exfoliation plane has developed 


heavier, severely plucked sheets on the 
lee sides of hills are commonly covered by 
thick glacial deposits. The postglacial 
formation of thin sheets parallel, rather 
than transverse, to pre-existing sheeting 
is a process whose existence cannot be 
denied, because new sheets have been 
known to form even on the freshly ex- 
posed floors of some quarries. Such post- 





glacial sheets, however, are necessarily 
confined to near-surface portions of the 
rock and are relatively insignificant. 

An interesting phenomenon described 
by Dale*’ as double-sheet structure is 
perhaps explainable in the light of glacial 
erosion. This structure characteristically 
involves a set of thick, regular, and gen- 
tly dipping sheets, some of which are 
transected by a clearly younger set of 
thinner, more irregular ones that lie 
more nearly parallel to the hill slope. The 
younger sheet fractures appear to be se- 
lectively developed in each of several 
very thick sheets of the earlier, more 
nearly horizontal set. It seems signifi- 
cant that wherever this structure has 
been noted, the hill slope is so situated 
that it should have experienced unusual- 
ly severe erosion by any southward or 
southeastward advancing ice sheet. The 
older and more regular sheets thus might 
be considered preglacial, whereas the 
younger ones have been developed paral- 
lel to a surface formed through unusually 
heavy erosion by a pre-Wisconsin ice 
sheet. This suggested interpretation is in 
agreement with the statements of Mat- 
thes** concerning the reorientation of ex- 
foliation following glacial remodeling in 
the Yosemite region; and it supports the 
thesis that sheeting broadly controls to- 
pography when denudation is relatively 
slow and long continued but is reoriented 
when strongly concentrated erosion by 
water or ice creates relatively rapid topo- 
graphic. changes. 

EXAMPLES IN THE CHELMSFORD GRANITE 

BELT, MASSACHUSETTS 


The Chelmsford granite-—'The Chelms- 
ford granite,*’ which was originally con- 


37 Op. cit., p. 36. 


38 “Geological History... ., ” op. cit., Pp. 115; 
“Exfoliation of Massive Granite... . ,”’ op. cit. 
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sidered a part of the Ayer granite by 
Emerson,*’ is exposed in a long, narrow 
belt that extends eastward and north- 
eastward from the vicinity of Ayer, 
Massachusetts (see Fig. 1). Small addi- 
tional bodies appear in areas north of 
Ayer and north of Dunstable. The rock 
is a uniformly foliated, fine- or medium- 
grained, very light gray muscovite-bio- 
tite granite and is one of the most dis- 
tinctive units in the entire region. It 
contains many thin, straight, closely 
spaced, and remarkably uniform biotite- 
rich layers, whose attitude generally is 
distinctly discordant from that of the 
foliation, or alignment, of individual 
mica flakes. Where the layers are suffi- 
ciently thick, the rock tends to split 
along them (Fig. 4). 

Much of the area underlain by the 
Chelmsford granite is rough and hilly; 
the large number of quarries and natural 
exposures on some of these hills permits 
close study of the rock structure. In gen- 
eral the granite is traversed by rather 
regular joint sets, individual joints in 
which are ordinarily at least 15 feet 
apart. Shear zones are also present but 
are much more common in the valley 
areas. Thin, irregularly distributed dikes 
of muscovite-rich aplite and pegmatite 
establish additional surfaces of weak- 
ness in the rock. 

Fletcher Hill and vicinity —Two small 
hills characteristic of the western part of 
the Chelmsford granite belt (Fig. 1, A) 
are shown in Figure 8 (see also Ayer 
quadrangle). Both are ovoid in plan and 
rise to heights of 200 feet or less above 
the surrounding lowlands, which are cov- 


39 L. W. Currier, “The Problem of the Chelmsford, 
Massachusetts, Granite’? (abstr.), Trans. Amer. 
Geophys. Union 18th Ann. Meeting (1937), pp. 260 
or. 


4° “Geology of Massachusetts and Rhode Island,” 
U.S. Geol. Surv. Bull. 597 (1917), pp. 223-26. 
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ered with glacial outwash gravels. The 
slopes on the north, east, and west sides 
of each hill are rather smoothly con- 
toured; on their south sides, however, the 
bedrock surfaces are very rough and ir- 
regular, as well as distinctly steeper. 

Both foliation and layering in the 
granite strike northeast and dip steeply 
northwest, as indicated in the lower part 
of Figure 8. The sheet structure, on the 
other hand, dips gently and quaquaver- 
sally on each hill. ‘That the sheets do not 
everywhere lie parallel to the hill slopes 
is evident from an inspection of represen- 
tative cross sections (Fig. 9). The dotted 
lines in these sections represent profiles 
thought to be parallel to and at some dis- 
tance below the profiles of the preglacial 
surfaces; they were constructed parallel 
to the existing sheet structure on the 
basis of assumptions previously: dis- 
cussed. 

Section AB (Fig. 9), transverse to the 
direction of ice movement, suggests that 
a rather uniform cover of rock at least 10 
feet thick was removed from the upper 
parts of Fletcher Hill, presumably by 
plucking and abrasion. A section parallel 
to the direction of ice movement (Fig. 9, 
CD) presents a totally different picture. 
Removal of at least 40 feet of granite 
from the south slope of the hill is sug- 
gested, whereas relatively little erosion 
seems to have been accomplished on the 
north slope. These estimates of depth of 
removal obviously represent minimum 
figures; the depth actually may well have 
been much greater, depending upon the 
amount of over-all erosion on the hill (see 
Fig. 7). 

The small hill southwest of Fletcher 
Hill presents similar relations. Section 
EF (Fig. 9), athwart the direction of ice 
advance, shows moderate amounts of 
erosion on the top and west-southwest 
side and the stripping-off of sheets to 


depths of 25 feet or more on that part of 
the hill east-northeast of its summit. The 
section parallel to the trend of ice move- 
ment (GH) suggests excavation of at 
least 30 feet of granite from the south- 
southeast side (dotted line a); if the ero- 
sion at the summit, as shown in section 
EF, is taken into consideration, the 
plucked-off rock layers in GH must have 
been at least 40 feet thick (dotted line 
b). 

Oak Hill—Oak Hill, which lies about 
two miles west of North Chelmsford (see 
Fig. 1, B, and Tyngsboro quadrangle), is 
a broad-topped, steep-sided granite mass 
that is bounded immediately to the 
northwest (near Flints Corner, Fig. 10 
by a terrane of quartzite and biotite 
schist. More than forty quarries have 
been opened on this hill and on the more 
subdued hills immediately to the east 
and southeast; hence the Chelmsford 
granite there is unusually well exposed. 
As shown in Figure 1o, the pattern of its 
foliation is very regular, with only gentle 
changes in trend; mineralogic layering in 
the granite trends nearly parallel with 
the foliation but ordinarily dips less 
steeply. 

Superimposed on these primary struc- 
tures is a well-developed sheet structure 
that tends to conform to the contour of 
the hill slopes in most places (see Fig. 
10). This is especially true on the north, 
east, and west slopes of Oak Hill. A mile 
southeast, the H. E. Fletcher quarry, 
now one of the largest in the United 
States, was first opened on the summit of 
a small, very low hill; at present the 
sheeting can be seen to dip very gently 
and quaquaversally with respect to the 
center of the quarry (Fig. 15), which now 
occupies the original position of the en- 
tire hill. 

The western spur of Oak Hill, on 
which the large Morris Brothers quarry 
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is located, has experienced more glacial 
remodeling than any other hill examined 
by the writer. So great has been the 
plucking and quarrying of rock from the 
upper parts of its south slope that the 
sheet structure there actually dips to the 
north (a to b, section CD, Fig. 11). Fig- 
ure 12, a view looking south in the Mor- 
ris Brothers quarry, shows this north- 
ward dip. The derrick stands near the 


amount from the top. This large-scale 
removal of material has exposed several 
8-11-foot sheets in the vicinity of the 
Morris Brothers quarry (point a); in 
quarries to the southeast (point b), where 
erosion was even greater, corresponding- 
ly thicker sheets are present at and near 
the surface. Section AB (Fig. 11) trends 
obliquely with respect to the direction of 
ice advance (see Fig. 10) and thus in- 





Fic. 12. 


Sheet structure in Chelmsford granite, looking south in Morris Brothers quarry, Oak Hill, 


Westford, Massachusetts (see also Figs. 10 and 11). Slope of hill drops off rapidly beyond shed in right back 
ground, although sheet structure dips gently toward the observer. 


summit of the hill, and the building in the 
right distance marks the upper edge of 
its steep, irregular south slope. Recent 
quarrying operations beyond and to the 
right of the building (at the intersection 
of road and section CD in Fig. 10) have 
exposed thick sheets that dip 7°-13° 
north. 

As shown in section CD (Fig. 11), 
which trends approximately parallel to 
the direction of ice movement, at least 
110 feet of rock appears to have been ex- 
cavated from the south and southeast 
sides of the hill, and a somewhat lesser 





cludes a part of the hill from which a 
relatively small amount of granite was 
removed by lee-side plucking. The west- 
northwest side of the hill, on the other 
hand, experienced almost no differential 
glacial erosion, and the sheet structure 
there lies in close accord with the steep 
but rather smooth slope. 

Section EF (Fig. 11) illustrates several 
interesting relations in the area east of 
Oak Hill. A narrow, steep-walled valley 
about 30-80 feet deep is underlain by 
granite whose sheet structure is concave 
upward. Despite the changes wrought in 
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this small valley by Quaternary erosion, 
its original control of underlying sheet 
structure and, therefore, its existence as a 
preglacial depression are evident. The 
dotted line denotes its lowest possible 
preglacial profile. The part of the hill 
shown on the right-hand side of the sec- 
tion was a lee slope with respect to the 
advancing glacial ice and thus experi- 
enced a strong plucking action that ap- 
pears to have extended to a depth of at 
least 30 feet. 

Sections GH and JJ show typical rela- 
tions on the more subdued hills south- 
east and east of Oak Hill itself. Selective 
plucking and quarrying of rock evidently 
lowered the surface several tens of feet 
in favorable places, but in general the 
amount of differential glacial erosion 
seems to have been relatively small. 

Snake Meadow Hill—Snake Meadow 
Hill is a large, ovoid rock mass that rises 
more than 200 feet above its surrounding 
area in Westford, Massachusetts (Fig. 1, 
C; see also Westford quadrangle). It is 
underlain by Chelmsford granite every- 
where but on its lower northwest slopes. 
As in other areas, the foliation in the 
granite trends northeast and dips very 
steeply. The attitudes of mineralogic 
layering are comparable. 

Natural exposures on the rather 
smooth and uniformly sloping north, 
east, and west sides demonstrate the 
close accord there between topography 
and sheeting. Quarries on the east side 
show this even more clearly. The south 
slope of the hill, however, is rough, hack- 
ly, and much steeper; quarries there ex- 
hibit the exposed edges of sheets that dip 
more gently than the present bedrock 
surface. These relations are analogous to 
those at the representative localities al- 
ready discussed and suggest that at least 
50 feet—possibly much more—of granite 
was removed by glacial plucking and 
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quarrying from the upper parts of the 
south side. 

Of additional interest are two narrow 
ravines on the southwest slope of the hill. 
They lie immediately west of the south- 
side quarries and are about 1,200 feet 
long and 20-45 feet deep. That two 
small valleys existed in essentially these 
areal positions in pre-Wisconsin (and 
probably preglacial) time is suggested by 
the upward concavity of the sheet struc- 
ture beneath them. As in the small can- 
yon already described from the north- 
east side of Oak Hill, the walls of these 
ravines have been modified somewhat by 
glacial erosion as well as by interglacial 
and postglacial stream action, but the 
attitude of the sheeting nevertheless re- 
flects their presence. 


OTHER EXAMPLES 

Kittredge Hill——Kittredge Hill is lo- 
cated about 13 miles south-southwest of 
Milford, New Hampshire (see Fig. 1, D, 
and Milford quadrangle); on it are sev- 
eral large granite quarries that have been 
described by Dale.** As shown in Figure 
13, the hill has the general form of an 
elongated dome that rises nearly 150 feet 
above the surrounding lowlands. It is 
underlain chiefly by a coarse, granitic 
injection gneiss and a fine- to medium- 
grained biotite granite. The -granite is 
intrusive into the gneiss and appears in 
outcrop as a ringlike belt around the hill 
(Fig. 13). All observed contacts dip 
moderately to steeply toward the center 
of the hill; biotite-rich flow-schlieren and 
other structures of like origin also dip 
into the hill (see attitudes in Fig. 13). 
The central gneiss mass thus may well be 
a downward-tapering xenolith or roof 
pendant. Both granite and gneiss are cut 
by dikes of fine-grained granite (Fig. 6). 

All rock types are cut indiscriminately 


41 Op. cit., pp. 183-85. 
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Fic. 13.—Geologic sketch map of Kittredge Hill, showing distribution of rock types and of primary 


structures therein. Data for sheet structure shown below. 
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by sheet structure which slopes gently 
and quaquaversally from the summit of 
the hill (see sheeting data, Fig. 13). The 
general relations between sheeting and 
topography are shown in the two repre- 
sentative sections in Figure 14, 
athwart the direction of ice movement 
(AB) and one parallel to it (CD). Both 
sections suggest that at least 25-40 feet 


one 
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Fitchburg, Massachusetts (see Fitch- 
burg quadrangle and Fig. 1, £), and 
rises with steep but uniform slope for 
more than 300 feet above the south edge 
of the narrow valley of the Nashua River. 
It is elliptical in plan, with its long axis 
trending north-northwest, or parallel to 
the general direction of Pleistocene glaci- 
ation. Underlying the entire hill is the 
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of rock has been abraded and plucked 
from the summit and gentle upper slopes 
of the hill. The severe lee-side plucking 
so common elsewhere does not appear to 
have been operative on Kittredge Hill, 
probably because of the very gradual 
slope of its south-southwest side. A 
smooth-contoured rock ridge actually ex- 
tends from the lee side in the vicinity of 
the Lovejoy quarries (Fig. 13) to a point 
well beyond the South End quarry. 
Rollstone Hill—Rollstone Hill is a 
prominent rock mass that lies about a 
mile the railroad station in 


west of 





Cross sections of Kittredge Hill, showing 


relations of rock types, sheet structure, and topog- 


Fitchburg granite,“ a medium-grained, 
gneissic muscovite-biotite granite, the 
foliation of which strikes slightly east of 
north and dips moderately to steeply 
west. 

Sheet structure is well developed, lies 
horizontal at the top of the hill, and dips 
away from the summit on all sides. That 
it is in close accord with the present rock 
surface on the smooth, bare north slope 
can be readily seen from the streets of 
the city below. Quarries on the north- 


Emerson, “Geology of Massachusetts 
op. cit., pp. 231-33. 
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east, west, and southwest sides of the hill 
show the same relations. The south and 
southeast sides, however, are somewhat 
steeper and more irregular, and the ex- 
posed edges of granite sheets thereon sug- 
gest the removal of considerable amounts 
of rock by glacial plucking. Insufficient 
exposures make it impossible to estimate 
the amount of general glacial erosion, but 
at least a few tens of feet of granite ap- 
pear to have been selectively plucked 
from parts of the southeast side of the 
hill. 


SUMMARY AND CONCLUSIONS 

With very few exceptions the sheet 
structure on the granite hills of New 
England appears to be preglacial in ori- 
gin. Sheet structure in general is known 
to be formed approximately parallel to 
the exposed rock surface; hence, some 
idea of the preglacial configuration of 
such hills in northeastern Massachusetts 
and southern New Hampshire can be ob- 
tained by a study of the present attitude 
of the sheets as related to present topog- 
raphy. The absolute amount of material 
removed by glacial erosion cannot be 
estimated by this method, but the ap- 
proximate differential between the least 
and the most severely eroded parts of a 
given hill can be obtained if sufficient ex- 
posures are available. 

As the result of detailed observations 
on more than twenty granite hills, the fol- 
lowing conclusions seem to be justified: 


1. A blanket of rock and preglacial 
regolith at least 10-15 feet thick has been 
removed by glacial plucking and abra- 
sion from the stoss, or north, slopes of 
most hills, and a somewhat greater 
amount from their east slopes, summits, 
and west slopes. 

2. This glacial erosion was most severe 
on isolated hills that occupy positions 
well within lowland areas and on hills so 


situated that they were exposed to 
strongly directed and concentrated ice 
flow. 

3. The greatest amounts of material 
have been thus removed from areas un- 
derlain by intricately jointed granite. 

4. The excavation of great thicknesses 
of rock by glacial plucking and quarrying 
has profoundly altered the configuration 
of the lee, or south and southeast slopes 
of many hills, especially those with rather 
steep preglacial slopes underlain by mas- 
sively jointed granite. The maximum 
demonstrable depth of such localized 
erosion is in excess of 100 feet. 


GRANITE BOULDERS AND GLACIAL 
EROSION 
GENERAL STATEMENT 

It has been demonstrated that the 
thickness of granite sheets increases 
gradually with depth. Observations in 
many quarries suggest that there is a 
certain amount of quantitative consist- 
ency in the relation between sheet thick- 
ness and depth within a given granite 
body. It seems possible, therefore, that 
the sizes of large granite boulders—and 
consequently the thicknesses of the 
sheets from which they were derived 
may furnish an additional clue to the 
depth of glacial erosion in their source 
areas. 

THICKNESS AND DEPTH OF GRANITE SHEETS 

Although the exfoliation sheets or 
shells in a granite body thicken gradually 
with depth, they tend to do so in a man- 
ner highly irregular in detail (see Figs. 3, 
6,15). Five- and six-foot sheets may ap- 
pear abruptly within a section of much 
thinner ones, and, conversely, relatively 
thin sheets commonly occur between 
much thicker ones in the deeper parts of 
large quarries (Fig. 15). The more heav- 
ily jointed parts of a rock mass tend to 
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be more massively sheeted or may even 
appear to lack sheeting entirely, as in 
certain quarries in the Barre, Vermont, 
district. On the other hand, adjacent, 
less fractured parts of the mass may be 
divided into a large number of sheets. 
Thickness and degree of perfection of 
sheet structure also vary with textural 
and mineralogic changes in the granite 
and certainly might be expected to vary 


{ 





Fic. 15.—H. Westford, 


flatness of sheets with depth. 


E. Fletcher quarry, 


within granites with different geologic 
histories. 

It is evident that observations on the 
relations between thickness and depth of 
sheets, if they are to be of any real value, 
must be made in a single granite body 
that is rather uniform in composition, 
texture, and structure. If it is jointed, 
the joints should have a reasonably uni- 
form distribution. The Chelmsford gran- 
ite, as exposed within the areas under 
consideration, meets all these ae 
ments. Moreover, its main belt (Fig. 
which lies athewart the direction of glac ia 
ice movement, is bounded on the north- 





Massachusetts. 
Bottom sheet seen on right in the photograph is 18 feet thick. 
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west by wholly different rock types, so 
that the approximate sources of large 
glacial boulders of this granite are seldom 
in doubt. 

In view of the desired correlation be- 
tween size of boulders and minimum 
depth of glacial erosion, we must deter- 
mine the minimum rather than the aver- 
age depth at which a sheet of specified 
thickness is encountered in the granite 





Note increasing regularity, thickness, and 


mass. This depth, unfortunately, cannot 
be referred to the preglacial surface, be- 
cause no quarry in the region has been 
opened downward from such a surface. 
The southeast face of the H. E. Fletcher 
quarry in Westford, Massachusetts, how- 
ever, does appear to be a section through 
a part of the granite body that has been 
severely eroded than most. The 
sheets contained therein are listed in 
Table 1. Doubtless, additional thin 
sheets were present in preglacial time, 
but this is thought to be the nearest ap- 
proach to a complete section obtainable 
in the district. The thicknesses of its 


less 
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east, west, and southwest sides of the hill 
show the same relations. The south and 
southeast sides, however, are somewhat 
steeper and more irregular, and the ex- 
posed edges of granite sheets thereon sug- 
gest the removal of considerable amounts 
of rock by glacial plucking. Insufficient 
exposures make it impossible to estimate 
the amount of general glacial erosion, but 
at least a few tens of feet of granite ap- 
pear to have been selectively plucked 
from parts of the southeast side of the 


hill. 
SUMMARY AND CONCLUSIONS 


With very few exceptions the sheet 
structure on the granite hills of New 
England appears to be preglacial in ori- 
gin. Sheet structure in general is known 
to be formed approximately parallel to 
the exposed rock surface; hence, some 
idea of the preglacial configuration of 
such hills in northeastern Massachusetts 
and southern New Hampshire can be ob- 
tained by a study of the present attitude 
of the sheets as related to present topog- 
raphy. The absolute amount of material 
removed by glacial erosion cannot be 
estimated by this method, but the ap- 
proximate differential between the least 
and the most severely eroded parts of a 
given hill can be obtained if sufficient ex- 
posures are available. 

As the result of detailed observations 
on more than twenty granite hills, the fol- 
lowing conclusions seem to be justified: 


1. A blanket of rock and preglacial 
regolith at least 10-15 feet thick has been 
removed by glacial plucking and abra- 
sion from the stoss, or north, slopes of 
most hills, and a somewhat greater 
amount from their east slopes, summits, 
and west slopes. 

2. This glacial erosion was most severe 
on isolated hills that occupy positions 
well within lowland areas and on hills so 


situated that they were exposed to 
strongly directed and concentrated ice 
flow. 

3. The greatest amounts of material 
have been thus removed from areas un- 
derlain by intricately jointed granite. 

4. The excavation of great thicknesses 
of rock by glacial plucking and quarrying 
has profoundly altered the configuration 
of the lee, or south and southeast slopes 
of many hills, especially those with rather 
steep preglacial slopes underlain by mas- 
sively jointed granite. The maximum 
demonstrable depth of such localized 
erosion is in excess of 100 feet. 


GRANITE BOULDERS AND GLACIAL 
EROSION 
GENERAL STATEMENT 

It has been demonstrated that the 
thickness of granite sheets increases 
gradually with depth. Observations in 
many quarries suggest that there is a 
certain amount of quantitative consist- 
ency in the relation between sheet thick- 
ness and depth within a given granite 
body. It seems possible, therefore, that 
the sizes of large granite boulders—and 
consequently the thicknesses of the 
sheets from which they were derived 
may furnish an additional clue to the 
depth of glacial erosion in their source 
areas. 

THICKNESS AND DEPTH OF GRANITE SHEETS 

Although the exfoliation sheets or 
shells in a granite body thicken gradually 
with depth, they tend to do so in a man- 
ner highly irregular in detail (see Figs. 3, 
6, 15). Five- and six-foot sheets may ap- 
pear abruptly within a section of much 
thinner ones, and, conversely, relatively 
thin sheets commonly occur between 
much thicker ones in the deeper parts of 
large quarries (Fig. 15). The more heav- 
ily jointed parts of a rock mass tend to 
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be more massively sheeted or may even 
appear to lack sheeting entirely, as in 
certain quarries in the Barre, Vermont, 
district. On the other hand, adjacent, 
less fractured parts of the mass may be 
divided into a large number of sheets. 
Thickness and degree of perfection of 
sheet structure also vary with textural 
and mineralogic changes in the granite 
and certainly might be expected to vary 


if 


FIG. 15. 
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west by wholly different rock types, so 
that the approximate sources of large 
glacial boulders of this granite are seldom 
in doubt. 

In view of the desired correlation be- 
tween size of boulders and minimum 
depth of glacial erosion, we must deter- 
mine the minimum rather than the aver- 
age depth at which a sheet of specified 
thickness is encountered in the granite 


H. E. Fletcher quarry, Westford, Massachusetts. Note increasing regularity, thickness, and 


flatness of sheets with depth. Bottom sheet seen on right in the photograph is 18 feet thick. 


within granites with different geologic 
histories. 

It is evident that observations on the 
relations between thickness and depth of 
sheets, if they are to be of any real value, 
must be made in a single granite body 
that is rather uniform in composition, 
texture, and structure. If it is jointed, 
the joints should have a reasonably uni- 
form distribution. The Chelmsford gran- 
ite, as exposed within the areas under 
consideration, meets all these require- 
ments. Moreover, its main belt (Fig. 1), 
which lies athwart the direction of glacial 
ice movement, is bounded on the north- 





mass. This depth, unfortunately, cannot 
be referred to the preglacial surface, be- 
cause no quarry in the region has been 
opened downward from such a surface. 
The southeast face of the H. E. Fletcher 
quarry in Westford, Massachusetts, how- 
ever, does appear to be a section through 
a part of the granite body that has been 


less severely eroded than most. The 
sheets contained therein are listed in 
Table 1. Doubtless, additional thin 


sheets were present in preglacial time, 
but this is thought to be the nearest ap- 
proach to a complete section obtainable 
in the district. The thicknesses of its 
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sheets have been plotted against the 
minimum depths at which they appear, 
and the resulting curve is shown in Fig- 
ure 16. 
TABLE 1 
MEASURED SECTION OF SHEETS NEAR CENTER 
OF SOUTHEAST FACE, H. E. FLETCHER 
QUARRY, WESTFORD, MASSACHUSETTS 


a DISTANCE BENEATH 
CKNESS 


SURFACE 
No. or SHEET 
Feet Inches Feet Inches 
I I 5 ° ° 
2 ° 10 I 5 
3: ° 4 2 3 
4. fe) 7 2 7 
5 ° 6 3 2 
6. ° 7 3 8 
7 I I 4 3 
8 ° 5 5 4 
9 O° II 5 0 
10 I I 6 8 
11 I 5 | 9 
12 I 2 9 2 
13 ° 5 10 4 
14 I 4 10 9 
15 I 4 12 I 
16 I 10 13 5 
17 ° 8 15 3 
18 I 10 15 I! 
19 2 yf 17 9 
20 ° 7 20 4 
21 I 10 20 11 
22 I 8 22 6) 
23 fe) 8 24 5 
24 4 +t 25 I 
25 2 9 29 5 
20 2 6 32 
27. 8 2 34 8 
28 10 ° 2 10 
290 11 4 52 10 
30 12 II 64 2 
31 9 0 77 I 
32 6 7 86 7 
33 5 2 03 2 
34 17 101 $ 
35 31 I 118 7 
Total 149 8 


Detailed measurements were made in 
139 quarries and on 44 natural exposures 
of Chelmsford granite to obtain data for 
statistical determination of the relations 
between sheet thickness and depth. The 
quarries were arbitrarily divided into 


two groups: “lee-side” quarries on a 
given hill are those located on its steep, 
irregular south and southeast sides, the 
positions of which, relative to the move- 
ment of glacial ice, resulted in the excava- 
tion of much rock by plucking; “stand- 
ard” quarries are those located elsewhere 
on the hill. The amounts of material re- 
moved from those parts of the hill now 
occupied by standard quarries obviously 
may vary within certain limits, but the 


TABLE 2 


AVERAGED DATA FOR SHEETING IN 
STANDARD QUARRIES 


ee = Average Mini : 
Thickness of Sheet Number of 
mum Depth 


(Feet) Observations 
Feet) 
2 2.0 1Q2 
3 5.2 170 
4 7.0 147 
5 iz.3 68 
6 14.1 42 
7 20.0 40 
ra} 20.0 30 
9 32.0 20 
10 35.0 12 
11 41.0 13 
12 50.0 9 
13 50.0 II 
15 68.0 3 
17 79.9 5 
23 94.0 2 
29-32 95.0 4 


detailed measurements have shown that 
this variation is small enough to justify 
the averaging of minimum depths at 
which sheets of specified thicknesses are 
encountered. At afew places in standard 
quarries the depths of certain thick 
sheets are distinctly less than the average 
for sheets of such dimension; their atti- 
tudes with respect to the hill slopes, how- 
ever, indicate the removal of unusually 
large amounts of rock from these places 
by glacial erosion. 

Table 2 contains the averaged data, 
and Figure 16 the corresponding curve, 
for the relations between thickness of 
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sheets and their respective average mini- 
mum depths in standard quarries. A 
similar curve for lee-side quarries also ap- 
pears in Figure 16. It is clear that the 
stripping-away of granite by glacial ero- 
sion displaces the curves upward and to 
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ranges o-4 feet and g-15 feet. If the 
curves could be referred to a common 
datum, such as the preglacial surface, 
they probably would also show certain 
consistent depth ranges within which the 
sheets thicken very rapidly. 
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Fic. 16.—Graphic representation of the variation in thickness of sheets with their depth beneath the ex- 


posed rock surface. 


the left and that the ideal curve for a 
complete, unglaciated section would lie 
below and to the right of those in the dia- 
gram. All the curves are compound and 
undergo changes in slope at vertically 
consistent positions; briefly interpreted, 
they indicate a relatively large number of 
sheets of fairly uniform maximum thick- 
within the 


ness maximum-thickness 
















GLACIAL BOULDERS 


It is a simple matter to determine the 
minimum thickness of the sheet from 
which a glacial boulder of Chelmsford 
granite was derived, even if it is far from 
equidimensional. Foliation and mineral- 
ogic layering are readily recognizable, 
and their known consistency of strike 
and dip within the parent-mass permits 
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ready orientation of the boulder. Most 
of the larger boulders are so fresh and 
angular that remnants of the bounding 
sheet surfaces are still preserved; others 
permit only a minimum estimate of sheet 
thickness. The average standard quarry 
curve (Fig. 16) can be used to obtain the 
minimum depth of the sheet from which 
the boulder or block was torn. This is the 
depth below the present general surface 
of the hill (exclusive of heavily plucked 
lee-side surfaces) and is somewhat less 
than the total depth beneath the pre- 
glacial surface. Estimates of depth of 
erosion obtained from boulders by this 
method may therefore be regarded as 
somewhat conservative. 

The surface of Oak Hill (Fig. 10) was 
once dotted with huge granite boulders, 
but most of them were split up into pav- 
ing and constructional blocks and carried 
away to near-by towns many years ago. 
A few still remain intact, however, on a 
low ridge o.3 mile south-southeast of the 
Morris Brothers quarry and on the hill- 
side o.3 mile north-northeast of the H. E. 
Fletcher quarry. Most were formerly 
parts of sheets at least 12 feet thick and 
consequently were derived from points 
on near-by hill slopes that were eroded to 
depths of at least 48 feet. Similar large 
boulders are very common on the north 
slope of Flushing Hill (Tyngsboro quad- 
rangle), which is a drumlin, and on the 
south side of the granite hill immediately 
to the north. 

The largest boulders seen in the entire 
region are scattered over the rough 
slopes west of Flushing Hill and north of 
Sought For Pond. Many were derived 
from sheets 15~20 feet thick. One huge, 
angular block represents a 27-foot sheet 
and must have been carried from a slope 
plucked to a depth of at least 95 feet; the 


numerous cliffs on the lee sides of ad- 
jacent granite hills support this view. 
Large boulders have been observed on 
Snake Meadow Hill, and a number of 
still larger ones have been quarried away 
by man. Remnants of a 15-foot sheet are 
present on the south side of Fletcher Hill 
(Fig. 8 and Ayer quadrangle), and boul- 
ders from sheets even larger lie on the 
slopes of the hills north and east of Sandy 
Pond (Ayer quadrangle). 

Not only do the conclusions suggested 
by the above-mentioned representative 
boulder occurrences qualitatively sup- 
port those resulting from the analysis of 
sheeting attitudes on individual hills, but 
the minimum amounts of glacial erosion 
estimated by each method are well with- 
in the same order of magnitude. As the 
position of the former, preglacial surface 
lies an unknown distance above the pres- 
ent surface of each hill, the total amount 
of glacial erosion cannot be estimated. Ii 
based on comparisons with the least-af 
fected parts of the hill, however, certain 
minimum estimates can be made. These 
indicate that selective plucking of mate 
rial from favorable places on granite 
hills, at least in the area herein dis- 
cussed, may well have progressed to 
depths of 100 feet or more beneath the 
preglacial surface. 
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ABSTRACT 


This paper presents a study of the abundance and distribution of some of the rarer metallic constituents 
in igneous rocks. By means of chemical “trace”? methods, 354 determinations have been made of metals, 
including molybdenum, beryllium, lead, zinc, cadmium, copper, nickel, and cobalt. The samples represent 
six regions: (1) the Michigan copper district, (2) Minnesota, (3) the St. Francois Mountains, Missouri, 
4) the Llano uplift of central Texas, (5) the Clear Lake area, California, and (6) two New England localities. 

The distribution of the minor elements is influenced by the major chemical constituents to a very appreci- 
able extent. Apparently this is chiefly the result of isomorphous replacement of the major elements by the 
minor constituents in rock-forming minerals in accordance with the principles outlined by V. M. Gold- 
schmidt. A number of relationships between minor and major constituents are indicated, although some are 








. 





purely tentative. 


Geologic factors are of great importance in determining the behavior of the minor, as well as of the 
major, chemical constituents; and differences brought out in the present study are interpreted to be the result 
of the different magmatic histories of the samples involved. 

Estimates of the probable abundance of the minor elements in the crust of the earth are given. In addi- 
tion to the determinations of the rarer metallic constituents, some new analyses of rocks and minerals are 
given. The chemical trace methods used are recommended to geologists and chemists interested in similar 


problems. 


INTRODUCTION 

The results of an investigation in the 
relatively unexplored field of geochemis- 
try are presented in this paper. This 
study was initiated by the senior author 
in developing reliable chemical methods 
for the determination of certain rarer 
metallic constituents of silicate minerals 
and rocks. These methods have been ap- 
plied to groups of samples from six re- 
gions in the United States, shown in 
Table 1. Preference has been given to 
samples for which bulk chemical anal- 
yses are available, but a number of com- 
posite samples are also included. Not 
shown in the summary are the deter- 
minations made on a number of miner- 
als separated from certain of the igneous 
rocks. 

A number of objectives were consid- 
ered in undertaking this work, and it 
may be well to state these. 





1. The study afforded an opportunity 
of testing out the applicability of chem- 
ical ‘‘trace’”’ methods to problems in geol- 
ogy and in geochemistry, and, on the 
basis of the results obtained, these meth- 
ods can be recommended. They are rela- 
tively simple and rapid; require no par- 
ticularly expensive or unusual equip- 
ment; secure complete decomposition of 
a sample large enough to be representa- 
tive; and, with correction for blanks on 
the reagents employed, are sufficiently 
accurate for present-day investigations. 
It is not the contention of the writers 
that the methods used here are in any 
way superior to spectrographic analyses. 
It should be emphasized rather that 
these methods give results that are in 
good agreement with the values reported 
by the most reliable workers using spec- 
trographic methods. 

2. Of considerable importance to the 
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present investigation are the possible re- 
lationships that exist between the rarer 
metals and the major chemical constitu- 
ents usually determined in rock analysis. 
Along this line the pioneering efforts of 
V. M. Goldschmidt and his co-workers 
cannot be commended too highly. We 
are indebted to these investigators for 
most of our knowledge of the basic laws 
explaining the associations and the affin- 
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Part I the data are presented by regions. 
The geologic background is, of necessity, 
brief, but important references to the 
literature are included. In Part II the 
data are presented in a number of dia- 
grams. Each element is discussed from 
the geochemical point of view. In Part 
III brief consideration is given to certain 
problems of interest to the petrographer 
and the economic geologist. 


TABLE 1 


SUMMARY OF 


Samples Mo | Be 
Michigan 26 
Minnesota 22 13 3 
Missouri 7 I I 
Texas. 7 7 5 
California 10 
New England 3 I 
Total 75 22 3) 


ities governing the distribution of the ele- 
ments in minerals and rocks and in me- 
teorites. 

3. Some new values for the abundance 
of the rarer metallic constituents are sup- 
plied for comparison with similar work 
by Europeans and with the earlier work 
by Clarke, Washington, Steiger, and 
others in this country. 

4. Hopes were also entertained that 
the results might possibly have some 
bearing on fundamental problems in 
geology, and the junior author must ac- 
cept responsibility for speculations rela- 
tive to theories of origins of igneous 
rocks and of ore deposits. 

The writers fully realize the limita- 
tions of the data numerically and, con- 
sequently, of the conclusions drawn from 
them. Nevertheless, it seemed desirable 
to record these findings at the present 
time, and for this purpose the paper has 
been divided roughly into three parts. In 


SAMPLES AND NUMBER OF DETERMINATIONS 


Pb Zn Cd Cu Ni Co Total 
9 24 24 2 24 105 
22 22 7 22 16 15 120 
7 7 7 7 7 37 
7 7 7 7 ) 7 46 
Io 10 10 30 
3 3 3 2 2 14 
56 73 9 73 55 55 354 


METHODS OF ANALYSIS 

All the methods used are colorimetric 
except the one for beryllium, which is 
fluorometric. These methods are briefly 
outlined. 

MOLYBDENUM’ 

The rock powder was fused with sodi- 
um carbonate, and an aliquot of the fil- 
trate from the leached melt representing 
0.5 gram of sample was treated with hy- 
drochloric acid, potassium thiocyanate, 
and stannous chloride to give the strong- 
ly colored thiocyanate of molybdenum 
in a lower-valence state for extraction 
with ether. 

BERYLLIUM? 

The sample (0.20 gm.) was fused with 
sodium hydroxide, the melt leached, and 

«1 E. B. Sandell, “Determination of Chromium, 


Vanadium, and Molybdenum in Silicate Rocks,”’ 
Ind. Eng. Chem., Anal. Ed., Vol. VIII (1936), p. 339. 


2 Sandell, ‘““Determination of Small Amounts of 
Beryllium in Silicates,” ibid., Vol. XII (1940), p. 674. 
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an aliquot of the filtrate treated with 
morin. The fluorescent solution was 
compared with similar standards in ultra- 
violet light. The residue from the first 
fusion was re-fused to recover any re- 
tained beryllium. 


LEAD, ZINC, AND COPPER? 

Ihe sample (0.25 gm.) was decom- 
posed with hydrofluoric and perchloric 
and the three metals extracted 
from an ammoniacal citrate solution with 
diphenylthiocarbazone (dithizone) in car- 
bon tetrachloride. The extract was shak- 
en with dilute (0.01 N) hydrochloric acid 
to transfer lead and zinc to the aqueous 
phase, leaving copper in the carbon tetra- 
chloride. The latter was evaporated, the 
residue was ignited, and the resulting 
copper oxide was dissolved in hydro- 
chloric acid, in which, after dilution, 
copper was determined by the mixed- 
color dithizone method. Lead and zinc 
were determined in suitable aliquots of 
the aqueous phase with dithizone in the 
presence of cyanide and thiosulphate, re- 
spectively, to prevent the reaction of 
other metals. 


at ids 


CADMIUM* 

Dithizone was used for the separation 
and determination of cadmium. The 
method was made specific by carrying 
out the reaction in a strong sodium hy- 
droxide solution. 


NICKEL AND COBALT® 


The sample (0.25-0.50 gm.) was de- 
composed with hydrofluoric and _per- 
chloric acids, and the nickel was ex- 

Sandell, “Determination of Copper, Zinc, and 
Lead in Silicate Rocks, ’ ibid., Vol. IX (1937), pp. 
404-69. 


+ Sandell, ‘‘Determination of Cadmium in Silicate 
Rocks,” ibid., Vol. XI (1939), p- 364. 


Sandell and R. W. Perlich, ‘‘Determination of 
Nickel and Cobalt in Silicate Rocks,” Ind. Eng. 
Chem., Anal. Ed., Vol. XI (1939), pp. 309-11. 
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tracted as the dimethylglyoxime com- 
pound with chloroform from an ammoni- 


acal citrate solution. Cobalt was ex- 
tracted as the dithizonate. Nickel was 
determined as nickelic dimethylglyoxime 
and cobalt with thiocyanate in acetone or 
amyl alcohol medium after suitable treat- 
ment of the extracts. 


DIAGRAMS 


Most of the samples used in this study 
had previously been analyzed for the 
major constituents, and it has been pos- 
sible to correlate the major and minor con- 
stituents in a more quantitative fashion 
than has been done before. The varia- 
tions of the heavy metals with the con- 
tents of major constituents are shown in 
a number of diagrams. It should be 
noted that it has been necessary to exag- 
gerate, as well as to use different scales, 
to represent variations. The 
amount of exaggeration will naturally af- 
fect the slope of the resultant line, and 
this should be kept in mind in comparing 
curves for different elements. In Figure 7 
the percentages of copper, lead, and zinc 
have been recalculated to total roo and 
have been plotted on the triangular dia- 
gram. Because of the small quantities 
involved, small absolute errors are large 
percentage errors. Thus the lead per- 
centage may be shown as ro per cent, but 
it might easily be 5 or 20 per cent of the 
total weight of the three metals. Figures 
11, 12, and 13 are the well-known silica- 
variation diagrams. 

The curves as drawn do not always 
strictly represent the data. It should be 
emphasized that further study and addi- 
tional data are needed to evaluate the 
factors that result in scattering of the 
points. Certain trends and tendencies, 
however, are apparent, and these the 
writers believe are worthy of graphic 
presentation. 


these 
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PRESENTATION OF DATA 


MICHIGAN 
INTRODUCTORY STATEMENT 


Representative samples of the mate- 
rial used by T. M. Broderick’ in his study 
of the Keweenawan lavas of Michigan 
were generously made available to the 
writers for the present investigation of 
the distribution of the minor heavy met- 
als in the Kearsarge and Greenstone 
flows. In addition, five samples were se- 
lected to obtain some information for the 
district as a whole. Samples Nos. 3156 
and 3157 represent the felsite of Bare 
Hill and the felsite of Mount Houghton, 
respectively. The Mount Bohemia gab- 
bro-gabbro aplite series includes three 
samples: No. 3161, gabbro aplite; No. 
3163, an intermediate rock; and No. 
3166, a basic phase. For details of sam- 
pling and of the petrographic characters 
of these samples the reader is referred to 
Broderick’s paper. 


DISCUSSION OF DATA 


Copper, zinc, nickel, and cobalt were 
determined in ail the samples and lead 
in seven. Composite samples prepared 
to represent the Kearsarge and the 
Greenstone flows were analyzed for lead, 
and these results are given as weighted 
averages in Table 2. The earlier deter- 
minations of copper published by Broder- 
ick have been included in the table. In 
these determinations the copper was ex- 
tracted from samples of 3-4 grams by an 
aqua regia treatment. In Sandell’s de- 
terminations complete decomposition of 
the samples was secured by use of hydro- 
fluoric acid, and a higher degree of ac- 
curacy can be attributed to these figures. 
However, the two methods produced re- 


6 “Differentiation in Lavas of the Michigan Ke- 
weenawan,” Bull. Geol. Soc. Amer., Vol. XLVI 
(1935), PP. 503-58. 


sults that are remarkably alike, substan- 
tiating the findings of B. S. Butler and 
W. S. Burbank,’ as well as of Broderick 
and C. D. Hohl,* that the copper occurs 
in the trap rocks of the Michigan copper 
district chiefly in the form of sulphides. 

Indirect evidence of the close associa- 
tion of sulphur and copper is provided by 
the samples of the Kearsarge and Green- 
stone flows. In Figure 1 copper has been 
plotted against sulphur content, and the 
majority of the points fall close to a line 
representing the ratio of copper to sul- 
phur in chalcopyrite. The presumption 
is strong that copper is present in most 
of the samples chiefly as chalcopyrite or, 
at least, was so originally. Sample No. 
3132, representing the upper 116 feet of 
the Greenstone flow, contains an ab- 
normally large amount of sulphur (0.08 
per cent) and is not shown in the dia- 
gram. This high value brings the weight- 
ed average for the Greenstone to 0.023 
per cent, whereas omission of this sample 
would reduce the average about one-half. 
Some of the samples have less sulphur 
than is demanded by the ratio 2S:Cu. 
This is especially true of sample No. 3113 
of the Kearsarge and of sample No. 3140 
of the Greenstone flow. In these samples 
the copper contents rise to maxima for 
the series, and the impression is gained 
that copper appropriates sulphur from 
the magma to form chalcopyrite as long 
as it is available in sufficient amounts and 
then separates out in forms containing 
less sulphur or no sulphur at all (native 
copper or possibly as a silicate in which 
the copper may replace ferrous iron). 

Broderick introduced a_ type of 
“straight-line” diagram in which each 
chemical constituent in the various sam- 

7“The Copper Deposits of Michigan,” U.S. 
Geol. Surv. Prof. Paper 144 (1929), p. 46. 


8 “Differentiation in Traps and Ore Deposition,” 
Econ. Geol., Vol. XXX (1935), Pp. 304. 
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METALLIC CONSTITUENTS OF 
ples is compared to the weighted average 
for this constituent for the flow as a 
whole. The variations are expressed in 
percentages above or below the weighted 

TABL 
HEAVY METALS IN KEWEENAWAN 
SAMPLE No 
Cu* Cut 
Kearsarge flow 
0.000 0.008 > 
2 o10 o2t 
15 005 000 
17 004 005 
19 006 0045 
I oll 0005 
3 0.014 0.015 O 
Weighted aver 
age e) Q 0.0004 oO 
Greenstone flow 
3 15 0.010 O 
34 007 909 5 
6 023 4 
s5 Oll O1r1S 
40 029 30 
} oll Ol 2 
14 O17 O14 
r4¢ O12 o185 
18 O13 orl 
°) O1O 0055 
O10 009 5 
54 0.005 0.O1! ) 
Weighted aver 
age 0.012 0 .O12!I .@) 
Miscellaneous: 
16 0.003 0.003 
57 003 0025 
161 O13 O13 
03 o10o O145 
Le) O oO 17 '?) 0 oO 
*S_S. Goldich, analyst 
t E. B. Sandell, analyst § Determi 
t D. Smith and R. Nordgren, analysts Reporte 


average. The calculations 
have been made for the heavy metals, 
and the variations of nickel, cobalt, zinc, 
and copper with depth in the Kearsarge 
and in the Greenstone flows are shown in 
Figures 2 and 3. In both flows it is ap- 
parent that the variations of nickel and 
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cobalt are closely related, as are zinc and 
copper variations; but the behavior of 
zinc and copper is diametrically opposed 
to that of nickel and cobalt. The varia- 


E 2 


IGNEOUS ROCKS OF MICHIGAN 








Per CENT 
Znt Pbt Nit Co 
oll 0.005 0.0025 
O12 Cog 0032 
oo8s O17 0030 
009g O21 0040 
00g 023 0040 
0135 O21 0043 
O125 ©.0090 © .0035 
O114 © .0008§ 0.017 0.0038 
009 CO .0005 0.021 0.0050 
00g 0006 o1d 0040 
O175 < O5 004 0030 
o10 4 5 007 0039 
O13 fe) O 004 0033 
O10 000 0027 
0005 007 0030 
oll 00g 0039 
O10 ol 0045 
0075 020 0055 
0055 043 0055 
0085 0.029 0.0052 
0095 © .0005$ 0.0179 0.0045 
003 ° 0.0000 © .0002 
OO15 ° 0003 OOO! 
009 0005 OO12 
O14 oo4f 0045 
020 0.0027 © .0040 
ned on a composite sample 
d by Br rick as 0.014 
tion of the relative percentages of the 


metals with depth is shown also in Fig- 
ures 4 and 5. In the Kearsarge flow the 
percentages of nickel and cobalt tend to 
increase with depth to about the middle 
of the flow and then to decrease; zinc and 
copper tend to decrease with depth to 
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about the same point and then to in- 
crease. In Figure 2 it can be seen that 
the samples from the middle portion of 
the flow are above average in nickel and 
cobalt and below average in zinc and 


The similarity of the variation curves 
for copper based on the data by Goldich 
and on those by Sandell should be noted. 
Of greater interest, however, is the fact 
that the variation trends of the heavy 
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Fic. 1. 


Variation of copper with sulphur in the Kearsarge and Greenstone flows, Michigan. Th¢ 


figures are the last two digits of Broderick’s sample numbers. 


copper. ‘This distribution is probably 
due to the relatively rapid and approxi- 
mately equal rates of cooling of the flow 


from two surfaces. In the Greenstone 


flow, although the distribution of the 
metals is not a regular one, there is a 
concentration of copper and zinc in the 
middle and upper portion of the flow and 
of nickel and cobalt in the lower portion. 


metals closely follow the major constitu- 
ents. Broderick divided the chemical 
constituents into two large groups sug- 
gestive of a more or less common be- 
havior of the elements in each group. 
The first comprises SiO,, Fe,O,, FeO, 
Na,O, K,O, TiO., P,O;,S, Cu, and MnO. 
Zinc can be added to this list and un- 
doubtedly also lead, although the data 
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for this metal are incomplete. The sec- 
ond group includes Al,O,, MgO, and 
CaO, and to this list should be added 
nickel and cobalt. 

Average SiOe 
*~ — AlpOg 
100% above Av. Fer 03 
50% “ . 
Average Fe,0, 
50% below Av. Fe, 0; 
Average FeO 
Average MgO 
coo 
” Na,0 
K,0 
=| 
O| 
ait $— " H,0 + 
H + H,0 — 
Pala 
a} = =e COp( Ys scole ) 
- = = +] 7 TiO, 
" PO, 
_ 
"Cu (ss@) 
” MnO 
bed Ni 
“ Co 
" Zn 
2 Cu (EBS) 
on ow o o 
“sn, 8 F383 


Fic. Broderick’s diagram, showing varia- 
tion of oxides with depth in the Kearsarge flow, 
Michigan. Variations of metals with depth have 
been added. 


. 


The variations of the chemical con- 
stituents are also shown in the normative 
minerals: olivine, hypersthene, diopside, 
anorthite, albite, orthoclase, magnetite, 
ilmenite, and apatite. On the whole, the 
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distribution within the flow is what 
might be expected as a result of a rather 
limited differentiation controlled by frac- 
tional crystallization with crystal set- 
tling. Early crystallization of magnesi- 
um-rich minerals would tend to concen- 
trate iron, the alkalis, silica, titania, sul- 
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Al,0, 
100 % above Ay. Fe,0, 
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diagram, showing varia- 


Broderick’s 
tion of oxides with depth in the Greenstone flow, 
Michigan. Variations of metals with depth have 
been added. 


Fic. 3. 


phur, copper, zinc, lead, and manganese 
in the liquid phase along with the vola- 
tiles or mineralizers. Settling of these 
early crystals would produce fractiona- 
tion of the magma. Broderick, however, 
has argued that a number of peculiar- 
ities in the distribution of the elements 
within the flow can be explained satis- 
factorily only by gaseous transfer. 

At several horizons within the Green- 
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stone flow, layers or streaks of dolerite 
occur. Samples Nos. 3136 and 3140, 
plotted at 210 feet and 285 feet, respec- 


tively, represent such zones. ‘These 
2 
peur © §& ® 
nn ™m rm 2) 


of Flow 


Top 





an” @ oO 
—- vu i 


Depth 


FIG. 4. 
flow, Michigan. 


dolerite layers are said to be essentially 
horizontal, parallel to the upper and 
lower surfaces of the flow, and to persist 
laterally extensive The 
coarse texture of the dolerite indicates 


over areas. 
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that the hyperfusibles were concentrated 
at these levels and probably were instru- 
mental in their development. Reference 
to Figures 3 and 5 will show that notable 
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Variation of the relative percentages of Cu, Zn, Ni, and Co with depth in the Kearsarge 


concentrations of the constituents given 
in Broderick’s first list occur in the doler- 
ite layers. The specific gravity of these 
zones is appreciably above the rest of the 
series, reflecting the high content of mag- 
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netite-ilmenite. It is chiefly for these 
reasons that Broderick concluded that 
their origin cannot be explained satis- 
factorily on the basis of crystallization- 
differentiation with crystal settling. Brod- 
erick also called attention to the corre- 
spondence of the elements concentrated 
in the dolerite streaks and in the upper 
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Fic. 5.—Variation of the relative percentages of 

flow, Michigan. 


portions of the flows to the list of ele- 
ments that, according to N. L. Bowen,’ 
might be most prominent in the vapor 
phase from boiling pegmatitic liquid. 
Bowen’s list includes hydrogen, oxygen, 
chlorine, silicon, fluorine, sulphur, boron, 
potassium, sodium, iron, titanium, alu- 


»“The Broader Story of Magmatic Differentia 
tion, Briefly Told,” Ore Deposits of the Western States 


(mer. Inst. Min. Met. Eng., 1933), p. 120. 
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minum, zinc, lead, copper, silver, and a 
number of others. The alkaline earths 
would not be expected to be abundant in 
the gas phase. Broderick notes that the 
behavior of alumina in the Michigan 
flows is an exception and refers to the 
suggestion by C. N. Fenner'® that the 
strong tendency of AICI, to react with 


3148 
3150 
3152 
3154 
AVERAGE 





90 100% 


T 


80 








Flow 

















of 





50 


Bottom 


10 

















o 
2 


12 


Cu, Zn, Ni, and Co with depth in the Greenstone 


H,.O to form oxide would tend to keep 
aluminum out of the gas phase. Varia- 
tion of the normative plagioclase in the 
Greenstone flow indicates that the more 
calcic plagioclase accompanied the early 
ferro-magnesian minerals, and, as a re- 
sult, the variation of Al,O, with depth 
“Pneumatolytic Processes in the Formation 
of Minerals and Ores,’”’ Ore Deposits of the Western 
States (1933), P. 84. 
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might be expected to follow that of MgO 
and CaO. 

Fenner called attention to the high 
vapor pressures of the chlorides of some 
of the metals, including zinc, cadmium, 
lead, nickel, tin, and bismuth, as well as 
iron and aluminum. If the distribution of 
iron, copper, zinc, etc., in the flows is to 
be explained by gaseous transfer, it 
might be expected that similar variation 
should be shown by nickel; but this ele- 
ment is closely related to MgO in such a 
manner as to indicate clearly that, al- 
though the concentration of the mineral- 
izers in certain zones may have produced 
differentiation within the flows, this 
process is nevertheless closely tied up 
with the fractional crystallization of the 
magma. 

T. L. Walker," in studying the varia- 
tion of specific gravity along sections 
across the Sudbury mass, emphasized the 
fact that the heaviest rocks lie in the 
‘upper part of the norite and in the lower 
part of the transition” to the micropeg- 
matite rock. In the process outlined by 
Walker to account for this distribution, 
the volatile constituents are considered 
to have been effective in reducing the 
viscosity of the magma fluid in the zones 
now occupied by the heaviest rocks. ‘The 
dominant factor in the process is regard- 
ed as having been the “orderly crystalli- 
zation and sinking of heavy minerals” in 
the crystallization of the originally ho- 
mogeneous liquid. 

Broderick admits the difficulty en- 
countered in explaining the horizontal at- 
titude of the dolerite layers. He notes 
also that the olivine content of the Green- 
stone flow does not increase gradually 
with depth to a certain point and then 
decrease but, rather, that notable con- 
centrations of olivine occur at several 


''“Magmatic Differentiation as Shown in the 
Nickel-Intrusive of Sudbury, Ontario,” Contr. Can. 
Min., No. 38 (1935), pp. 23-31. 


levels. These facts are suggestive of 
stratification in the liquid during crystal- 
lization. Although more than a single 
mechanism may have acted to produce 
the differentiation in the Michigan flows, 
fractional crystallization must be recog- 
nized as a fundamental process. It 
should be emphasized that the variations 
of nickel and cobalt closely follow the 
trends of MgO and CaO, whereas zinc 
and copper appear to be related to the 
distribution of iron. Variations of the 
heavy metals with the major constitu- 
ents are shown in diagrams, to which 
further reference will be made. 


MINNESOTA 
INTRODUCTORY STATEMENT 

Twenty-two samples representing all 
sections of the state were studied. Loca 
tions are given in Table 3 and results in 
Table 4. Ten of the samples represent 
the material used in the bulk chemical 
analysis. Three new analyses are quoted 
in Table 5. Four chemical analyses, all 
by Frank F. Grout, were taken from the 
literature, and references are given in 
Table 3. 

DISCUSSION OF DATA 

The basic igneous rocks from the Ke 
weenawan of Michigan and Minnesota 
are much alike in their metal content 
The acid igneous rocks of Michigan are 
not sufficiently represented for compari 
son. It appears likely that there is a re 
lationship between the igneous rocks of 
these regions and the Lake Superior cop 
per deposits. Samples Nos. 17-22 repre 
sent facies of the Endion sill which is 
overlain by a rhyolite flow, sample No. 
22. These samples have been described 
recently by G. M. Schwartz and A. E. 
Sandberg,”’ who studied the chemical and 
mineralogical variations with depth in a 

'2“Rock Series in Diabase Sills at Duluth, 
Minnesota,” Bull. Geol. Soc. Amer., Vol. LI (1940), 


pp. 1135-72. 
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LOCATION OF SAMPLES FROM MINNESOTA 









































Sample No Rock Location Reference 


Rhyolite Along Devil’s Track River, Cook County; 
Sec. 11, T. 16 N., R. 1 E. 


Granite gneiss Cold Spring Granite Company quarry, | Jour. Geel., Vol. XLVI 
Morton 1938), p. 22, anal 
No. 1 
Granite Small quarry about 7 miles east of Malmo; | New analysis, Table 5, 
southern Aitkin County No. 3 
4 Granite Northern Kanabec County; Sec. 1, T. 


42N., R. 24 W. 


Granodiorite Quarry at Warman, Kanabec County; SE | U.S. Geol. Surv. Bull, 663 
it Sec. 6, T. 41 N., R. 23 W. 1918), p. 141 
Granite Quarry south of Fish Lake; about 1 mile | /bid., p. 137 


west of Pierz, Morrison County; SE 4 
Sec. 13, T. 40 N., R. 31 W. 





Granodiorite “St. Cloud gray” granite, St. Cloud Tbid., p. 52 


Orthoclase gabbro | Duluth 


Diabase Columnar diabase in Grand Marais Hat New analysis, Table 5, 
bor; Se¢ 14, 1 61 N., R. 11 No. go 
Greenstone Winton 
Diabase Taylor’s Falls Jour. Geol., Vol. XVIII 
{I9gIO), p 044, anal, 
No. 2 
Gabbro Along boulevard above cement mill; Du 
luth 
I Gabbro Fairmont Park, Duluth (Kingston Creek | /bid., Vol. XXVI (1918), 
at railroad p. 646, anal. No. 1 
I4 Diabase Diabase Hill, Lake County; Sec. 1, [> Ibid., Vol. XLVI (1938), 
53 N., R. 10 W p. 46, anal. No. 11 
Syenite \long Gunflint Trail, Cook County; NW { | Minn. Geol. Surv. Bull. 20 
Sec. 7, T. 64 N., R. 1 E 1925), p. 89 
Diabase Shore of Lake Superior; 2} miles east of 


Grand Marais 


Diorite Williams Quarry, Little Falls, Morrison | New analysis, Table s, 
County No. 17 
Diabase Endion sill, Duluth Bull. Geol. Soc. Amer., 
Vol. LI (1940), pp 
1135-72, Table 1, anal. 
No I 
Diabase Endion sill, Duluth Tbid., anal. No. 3 
Red rock Endion sill, Duluth Ibid., anal. No. 4 
Red rock Endion sill, Duluth Ibid., anal. No. 6 





Rhyolite Above Endion sill, Duluth Tbid., anal. No. 7 





IIo 


number of sills. Two distinct rock types 
are said to constitute the Endion sill 

diabase and red rock. The chemical gra- 
dations from the base to the top of the 
Endion sill are from diabase toward 
granite, and in diagrams and in variation 
curves projections of the trends shown 
in the sill reach points representing the 


TABLE 4* 


HEAVY METALS IN MINNESOTA 
IGNEOUS ROCKS 


PER CEN1 
SAMPLI 
No 
Mo Pb Zn Cu Ni Co 
I 0.0004 |0.0012 Cc.000 (0.000 0.0004 0.0 I 
2 < .cool 0022 005 002 0008 re) 
3 000 oo10 005 cols ool! 0005 
} 0024 00g 0035 ooll 0003 
< .0002 oo16 000 003 oo1o 00045 
6 0027 007 Or4 0008 00045 
ooo! 9022 006 oc4 0020 0007 
5 0004 004 007 0050 oor0 
9 900 0023 o160 024 0040 90260 
Io 2002 Ol4 007 0070 
Il ooo! 2005 O15 023 o160 0042 
12 20CI 0007 o1o O13 0240 
13 0008 o1o O15 
I 200 005 I ort 9025 
5 oc 000Q 022 coool aI 
10 OOS Cc O2 20.4 
17 0000 2008 >. 0006 21 
18 d001 000 
19 fete) 
20 00030) .oo18 
I oo! 





03 |O.00Ig (0 


*E. B. Sandell, analyst 


rhyolite into which the sill is supposedly 
intrusive. 

A number of hypotheses was conisid- 
ered by Schwartz and Sandberg to ac- 
count for the differentiation in the sills. 
They concluded that the most acceptable 
of these is differentiation following in- 
trusion of a magma probably similar in 
composition to that of the Duluth lopo- 
lith. ‘The possible mechanisms of the dif- 
ferentiation were not analyzed in detail, 
although the processes of crystal settling, 
liquid immiscibility, and concentration 
of the mineralizers in the upper portions 
of the sills were suggested. The authors 
noted some similarity between the trend 
of differentiation in the Minnesota sills 
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and that of the lavas described by Brod- 
erick. In both occurrences differentia- 
tion has been toward a siliceous, highly 
ferruginous, alkalic rock. Broderick sug- 
gested that the mechanism producing the 
differentiation is a process of gaseous 
transfer. Although specific mention of 
gaseous transfer is not made by Schwartz 


TABLE 5 
RECENT CHEMICAL ANALYSES OF IGNEOUS 


ROCKS FROM MINNESOTA 


Q 17 
SiO, 71.19 52.70 45.14 
ALO, 15.00 14.47 17.45 
Fe.0; 0.67 7-44 5.73 
FeO 1.49 5-55 6.72 
MgO o.81 3.70 6.28 
CaO 1.832 8.o1 9.92 
Na.,O 3.604 2.10 20 
K,0 4.57 I.14 1.95 
H,0+ 0.68 0.608 1.44 

H,0— 0.0 0.48 0.1 
TiO 0.30 1.76 0.57 
P.O. 0.07 0.25 0.22 
MnO 0.01 0.24 0.17 
BaO n.d. 0.05 0.10 
A 02 ©.02 0.04 
Total 100. 31 99.68 OQ. 24 

3. Granite, southern Aitkin County; E. B. San 


dell, analyst. 

9g. Diabase, Grand Marais Harbor; E. D. Burr 
student analyst. 
Diorite, Williams Quarry, Little Falls; Don 
ald Smith, student analyst. 


17. 


and Sandberg, they give some emphasis 
to the probable effectiveness of the min 
eralizers. 


Differentiation of the sills into diabase and 
granite facies is probably closely related to the 
concentration of mineralizers in the upper por- 
tion of the sills; the mineralizers played a con- 
siderable role especially in the formation of the 
red rock with micropegmatite as an important 
constituent and possibly also in the crystalliza 
tion of considerable magnetite-ilmenite in the 
acidic facies.'s 


13 J bid., p. 1169. 
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MISSOURI 
INTRODUCTORY STATEMENT 

Early theories advanced to explain the 
origin of the lead and zinc deposits of 
Missouri focused attention on the metal 
content of the igneous rocks of the St. 
Francois Mountains. Analyses by J. D. 
Robertson were published in 1894 by 
Arthur Winslow" and have been cited by 
numerous writers since that time. Two 
of the samples tested by Robertson are 
duplicated: the granite at Graniteville 
and the diabase at Skrainka. The first 
of these has been described in detail by 
‘arl Tolman and Goldich.’* The re- 
maining six samples, together with the 
unpublished chemical analyses, were gen- 
erously supplied by Professor Tolman, of 
Washington University, St. Louis. 


DISCUSSION OF DATA 
Locations of samples and the results 
obtained are given in Table 6. The per- 
centage of copper in the granite at Gran- 
TABLE 6° 


HEAVY METALS IN MISSOURI IGNEOUS ROCKS 








Per CENT 
» { t 
No.t 
Mo Pb Zn Cu Ni Co 

I 0.0002) 0.00270.0085 0.0008) 0.0003 <o.0001 
0009 0025 lelele} 9002 0004 
0045) .OO15 0025 ooo! 
0020} .O21 oor 0008 
0013) .009 000 00005 
0005) .O13 0065 0055 

0.0005 0 15: <0.0005| ©.0030' 0 .coof 


* E. B. Sandell, analyst 
t Samples as follows 
1. Granite near Mine Lamotte 
Granite near Holladay Mountain. 
Granite at Graniteville 
Rhyolite at Iron Mountain 
Rhyolite at Skrainka 
6. Olivine diabase at Skrainka 


Soda-granite dike cutting diabase at Skrainka 


‘“Lead and Zinc Deposits,” Mo. Geol. Surv., 


Vol. VIT (1894), p. 480. 


“The Granite, Pegmatite, and Replacement 
Veins in the Sheahan Quarry, Graniteville, Mis- 
souri,” Amer. Min., Vol. XX (1935), pp. 229-39. 
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iteville given by Robertson (0.010 per 
cent) is four times as great as that ob- 
tained by Sandell. This value, as well as 
Robertson’s figure for lead (0.0065 per 
cent) in the diabase at Skrainka, is con- 
sidered to be too high; but for the re- 
maining determinations the values by 
Robertson are in tolerable agreement 
with the newer data, and for zinc and 
copper in the diabase the agreement is 
remarkably good. Considerable differ- 
ences in the metal contents of the gran- 
ites are noted. Lead ranges from 0.0009 
to 0.0045 per cent and zinc from 0.0015 
to 0.0085 per cent. These differences, in 
part, reflect similar ranges for the major 
chemical constituents. The heavy met- 
als found in the soda-rich granitic dike 
rock cutting the diabase at Skrainka are 
approximately one-tenth of the percent- 
ages found in the diabase, but the high 
nickel and cobalt contents suggest a close 
genetic relationship between the two. If 
such is the case, the magmatic derivation 
of this rock is probably not comparable 
to that of the granites in the series, and 
points for the dike rock (No. 7) may well 
be expected to deviate from the curves in 
the various diagrams in which the Mis- 
souri data have been plotted. 


CENTRAL TEXAS 
INTRODUCTORY STATEMENT 


The Llano region or Llano uplift of 
central Texas includes all of Llano Coun- 
ty and parts of Burnet, Blanco, Gillespie, 
Mason, McCulloch, San Saba, and Lam- 
pasas counties. This is a region of igne- 
ous rocks, predominantly granitic, in- 
truded into folded metamorphics—gneiss 
schist, marble, quartzite, and others. 
Sedimentary rocks are chiefly of early 
Paleozoic and Lower Cretaceous (Co- 
manche) age. These flank and overlap the 
pre-Cambrian metamorphic and igneous 
series. The district is commonly called 








I12 


the ‘‘central mineral” region, and many 
prospects reveal mineralization in a 
number of metals. Tin, molybdenum, 
bismuth, and rare-earth minerals are 
genetically related to the igneous rocks. 
Certain iron, copper, and other prospects 
may be connected with the intrusives. 
Lead and zinc mineralization in the Low- 
er Paleozoic sediments is obviously of a 
younger period, and the relation of these 
to magmatic action is obscure. The gen- 
eral geology and the prospects of the cen- 
tral mineral region have been described 
by Sidney Paige” and by E. H. Sellards 
and C. L. Baker.'? A bismuth-molybde- 
num prospect in southeastern Llano 
County has been described recently by 
H. B. Stenzel and V. E. Barnes.'* Chem- 
ical analyses and petrographic descrip- 
tions of the samples have been pub- 
lished.*? 


DISCUSSION OF DATA 


Results of the determinations of the 
heavy metals in the central Texas gran- 
ites are given in Table 7. Biotite sepa- 
rated from the granite at Town Moun- 
tain contained zinc, 0.037 per cent, and 
copper, 0.006 per cent. The heavy min- 
erals separated from the dike rock (llan- 
ite) contained zinc, 0.11 per cent. This 
separate was composed chiefly of magnet- 
ite and biotite. The data show a close 
relationship between minor and major 
constituents. Zinc and copper appear to 
be influenced by the iron content; nickel 
and cobalt, by magnesia. The tendency 


16 “I Jano-Burnet, Texas,” U.S. Geol. Surv. Folio 
183 (1912). 

17 “The Geology of Texas,’’ Univ. Tex. Bull. 3401 
(1934). 

184 Bismuth-Molybdenum Prospect (Kiam 
Prospect) of Llano County, Texas,” Univ. Tex. Bull. 
3945 (1940), pp. 911-22. 


19 Goldich, “Evolution of the Central Texas 


Granites,” Jour. Geol:, Vol. XLTX (1941), pp. 697- 
720. 
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for molybdenum and lead to be concen- 
trated in the highly siliceous and alkalic 
differentiates is shown by the Texas 
series as a whole and specifically by the 
relations between the granite of Petrick’s 
Quarry and the aplite dike, which repre- 
sents a late differentiate of the granitic 
magma. 


TABLE 7* 


HEAVY METALS IN CENTRAL TEXAS GRANITESt 


| Per CENT 
SAMPLE 
0. | 
Mo Pb Zn Cu | Ni Co 
I ©.000I |0.0013 (0.007 [0.0015 [0.00030 | 0.00055 
2 0002 0022 O12 OO15 CooTg | .0003 
3 0003 0030 009 oo1o e0009 | .000!s 
} 0002 0013 005 0005 00017 0003 
5 0007 0020 oll 0007 | .00026 Coo! 
6 0004 005 004 0005 [0.00011 | .00005 
7 ©.0004 [0.0017 |0.0015 [0.0003 n.d. | ©.00005 


* E. B. Sandell, analyst. 
t The granites are classified as follows: 
Town Mountain granites 
1. Granite of Town Mountain 
2. Granite of Petrick Quarry 
3. Granite of Granite Mountain 
Sixmile granite 
4. Cassaday granite 
Miscellaneous 
5. Granite porphyry (llanite) at Babyhead 
6. Bear Mountain granite 
7. Aplite of Petrick Quarry 


CALIFORNIA 
INTRODUCTORY STATEMENT 


The writers are indebted to Dr. C. A. 
Anderson, of the University of California, 
for permission to use a series of volcanic 
rocks from the Clear Lake area, Cali- 
fornia. These rocks have been discussed 
in some detail in a paper by C. A. Ander- 
son,”° to which the reader is referred. 


DISCUSSION OF DATA 
Copper, lead, and zinc were deter- 
mined for the series (Table 8) which, al- 
though representing a restricted silica 
range—56~76 per cent—is of special in- 
20 “Volcanic History of the Clear Lake Area, 


California,’ Bull. Geol. Soc. Amer., Vol. XLVII 
(1936), pp. 629-64. 
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terest, because it is the most complete 
volcanic series investigated. In general, 
these rocks gave the least scattering of 
points in the various diagrams attempt- 
ed, so that the curves representing the 
series are subject to a minimum of inter- 
pretation and are useful, therefore, as a 
comparative measure of the trends for 
similar constituents in other groups of 
rocks. 
TABLE 8* 
HEAVY METALS IN IGNEOUS ROCKS FROM 
THE CLEAR LAKE AREA, CALIFORNIA 


Per CENT 
os “ Rock ss 1s 
Pb Zn Cu 
I Olivine basalt © .0008/0 .0075/0.0035 
y Augite andesite ©OIO) .0055) .OO15 
3 Olivine andesite 0007} .007 ool 
6 | Pyroxene rhyodacite .oo11) .0045) .oo01 
7 Olivine dacite 0012} .006 002 
8 Hypersthene dacite | .0016; .0045| .oo1 
0 | Biotite hornblende C016) .004 OO15 
|  rhyodacite 
10 | Silicic pyroxene da- | .0014) .004 | .oo15 
cite 
II Biotite rhyolitic 0020} .003 | .oor 
pumice 


13 Rhyolitic obsidian {0 .0020/0.0035/0.001 


* E. B. Sandell, analyst. 
__ {Sample numbers refer to Bull. Geol. Soc. Amer., Vol 
XLVII (1936), p. 640, Table 1. 


In the series of chemical analyses pub- 
lished by Anderson, three older analyses 
were taken from G. F. Becker.** Two of 
these report nickel equivalent to 0.32 and 
0.16 per cent. These results are contra- 
dictory to the trends disclosed in the 
present investigation and are certainly 
erroneous. Approximate determinations 
made by L. Gullings on samples Nos. 1 
and 7 gave 0.03 and 0.0024 per cent of 
nickel, respectively. These values are in 
keeping with the curve showing the vari- 
ation of nickel with MgO (Fig. g), the 
MgO values for these samples being 8.88 


21 “Geology of the Quicksilver Deposits of the 
Pacific Slope,” U.S. Geol. Surv. Mono. 13 (1888). 
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and 3.13 per cent, respectively. Analyses 
of Missouri granites” likewise report the 
equivalents of 0.11 and 0.16 per cent of 
nickel. These values could not be dupli- 
cated in analytical work carried on at 
Washington University, St. Louis, in 
1933, and the present work fully substan- 
tiates the findings. 


NEW ENGLAND 
INTRODUCTORY STATEMENT 
Only two rocks from eastern United 
States have been studied, and these are 
included chiefly because they reveal 
some interesting facts about the distribu- 
tion of the heavy metals. These rocks 
are the well-known Medford diabase 
from Massachusetts and a granite from 
the White Mountain district of New 
Hampshire. Descriptions of the Medford 
diabase indicate that a certain amount of 
differentiation has taken place. Two 
facies are represented in analyses Nos. 1 
and 2 (Table g), the latter being more 
silicic and containing some micropeg- 
matite interstitial to and replacing the 
plagioclase. 
DISCUSSION OF DATA 
Although the sulphur contents of the 
two samples of the Medford diabase are 
about the same, there are notable differ- 
ences in the heavy-metal contents. The 
granophyric phase contains more lead 
and zinc than the normal diabase but less 
copper, cobalt, and nickel. The relative- 
ly low copper content is of the order of 
the Skrainka diabase of Missouri. The 
average of the two samples, 0.0045 per 
cent copper, is much below the average 
of 0.016 per cent for the basic rocks of the 
Michigan copper district and of 0.015 per 
cent for the basic rocks of Minnesota. 
Even more striking is the apparent de- 
22 F. W. Clark, “Analyses of Rocks and Miner- 
als,” U.S. Geol. Surv. Bull. 419 (1910), p. 40. 
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ficiency in nickel compared to the igne- 
ous rocks in the same silica range from 
the central part of the United States. 


TABLE 9 


CHEMICAL ANALYSES OF NEW ENGLAND 
ROCKS AND MINERALS 


I 2 i 4* 5 

$10, 47.59 51 74.30 45.63 46.56 
ALO, 14.78 15.67 12.99 2.52 2.48 
Fe,O, 4.39 2.25 0.70 7.47 6.24 
FeO g.11 8.37 1.47 27.17 27.27 
MgO 4.28 2.09 0.10 0.70 1.35 
CaO 9.06 6.31 0.35 5.56 6.15 
Na,O 3.36 4.42 4.60 4.19 ¢.a7 
K.0 1.18 I.gI 5.03 1.09 '.27 
H,0+ 1.35 1.67 o.14 1.24 5.37 
H,0— 0.2 o.41 0.02 0.00 n.d. 
rio, 3.55 1.95 0.19 2.88 1.83 
P.O; ©.42 0.97 0.02 
MnO 0.17 °.18 0.05 1.02 1.08 
CO, 0.65 2.14 
Bis 0.13 O.12 
Ik p.n.d. 0.73f | n.d. 

Total 100. 26 99.90 100.02 100. 26 99.77 

O=S,F 0.05 0.05 0.31 

100. 21 99.85 100.02 990.95 990.77 

Cut 0.0055 ©.0035 0.001 ©.co2 
Pb <0.0005 0.0005 0.0007 ©.co10 
Zn 0.010 0.012 0.008 0.16 
Co 0.0036 ©.0020 
Ni ©.0020 ©.0005 
Mo ©.00015 


* Analyses made in the department of geology, Washington 


University, St. Louis, 1934 

t Determination by R. B. Ellestad. 

t All heavy-metal determinations by E. B. Sandell. 

1. Medford diabase from an abandoned quarry. Sp. gr 
25°/4°, 2.945. Essentially normal diabase. Labradorite (Anca), 
augite, biotite, magnetite, apatite are primary minerals. Uralite 
chlorite and a little carbonate and pyrite are alteration products 
A little quartz appears to be related to the carbonate and 5 Ly 
have been oe S. S. Goldich, analyst (Jour. Geol., Vol 
XLVI [1938], p. 

2 Relatively a diabase , opposite 93 Governor’s Avenue, 
Medford, Mass. Sp. gr. 24°/4°, 2.80. Granophyr diabase con 
taining labradorite (Ans,), augite, ‘biotite, quartz, and orthoclase 
in graphic intergrowth. Secondary products include abundant 
uralite, sericite, chlorite, epidote, carbonate, and a little pyrite. 
S.S. Goldich, analyst (Jour. Geol., Vol. [1938], p. 40) 

3. Mec fium- grained, light-gray granite ’ from Devil’s Slide, 
Percy quadrangle, New Hampshire. The microscopic texture is 
distinctly hiatal. Large crystals of perthite and alkalic amphi 
bole, with small anhedra] quartz and silicic plagioclase constitut 
ing intersertal material. Approximate mode: feldspar (mainly 
perthite), 70 per cent; quartz, 24 per cent; hornblende, 5 per 
cent; accessory apatite, fluorite, zircon, magnetite, 1 per cent. 
S. S. Goldich, analyst. 

Amphibole separated from Devil’s Slide granite by R. I. 
Dickey. Sp. gr. 24°, 3.45. Optical determinations by Dickey: 
alpha, 1.692; beta, 1.698; gamma, 1.710; ZAc, 16°. S. S. Goldich, 
analyst. Fluorine determination by R. B. Ellestad 

5. Hornblende from syenite (19247), in Moore Brook at 
elevation 2,000 feet, Percy quadrangle. Approximately 3.5 miles 
southwest of Devil’ s Slide. F. A. Gonyer, analyst. Optical data 
given by Chapman and Williams: alpha, 1.688; beta, 1.699; gam- 
ma, 1.704; ZAc, 25° (Amer. Min., Vol XX [1935], pp. 512-13). 


The ratio of nickel to cobalt in basic 
rocks approaches 3:1. In the Medford 
diabase there is a reversal of this rela- 
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tionship, with cobalt exceeding nickel. 
The cobalt and nickel variation diagrams 
afford some explanation for this behay- 
ior. Plots of these elements against silica 
indicate that the percentage of nickel can 
be expected to fall off much more rapidly 
than that of cobalt with increasing silica 
content. Similarly, in plots of these met- 
als against MgO, the percentage of nickel 
increases slowly with increasing MgO in 


the range up to 4 per cent. Above this 
point, however, nickel mounts rapidly 


with increasing magnesia. In contrast, 
the cobalt-magnesia relationship is a 
more constant one, suggesting a straight- 
line relationship. For their MgO con- 
tents, the samples of the Medford dia- 
base appear to contain a slight excess of 
cobalt and small deficiencies of nickel. 
The deviations, however, may well 
within the experimental error of the de- 
terminations. 

M. P. Billings’ has given the name 
“White Mountain magma series” to a 
group of rocks in the White Mountain 
district of New Hampshire. These rocks 
are characterized by their alkaline af- 
finities. The granite represented in anal- 
ysis No. 3 (Table g) belongs to this series. 
The sample was collected by R. L. 
Dickey,”4 who described the outcrop as a 
small mass on the southeastern side of 
Devil’s Slide about half a mile northeast 
of the village of Stark, New Hampshire. 
Copper and zinc contents of the granite 
are similar to the averages for these met- 
als in the silicic rocks of central Texas 
and of Minnesota; however, the lead con 
tent is notably lower. Of interest is the 
distribution of the heavy metals in the 


23 “Paleozoic Age of the Rocks of Central New 
Hampshire,” Science, Vol. LXXTX (1934), pp. 55 
506. 
of the 
thesis, 
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University, 


4 “Geology 
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St. Louis, 
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minerals of the granite. Copper, lead, 
and zinc have been determined in ana- 
lyzed hornblende separated from the 
granite by Dickey. The amphibole is re- 
markably similar in composition to an 
analysis (No. 5, Table 9) given by R. W. 
Chapman and C. R. Williams’> of sodic 
hornblende from syenite outcropping in 
Moore Brook less than 4 miles southwest 
of Devil’s Slide. The hornblende is inter- 
mediate in composition between heden- 
bergite from syenite and riebeckite from 
granite, as is indicated by analyses of 
these minerals given by Chapman and 
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Williams. The sodic hornblende may 
represent a reaction product in the evolu- 
tion of the riebeckite from hedenbergite. 
Chemical and mineralogical data indi- 
cate that 5 per cent is a fair estimate of 
the abundance of the amphibole in the 
Devil’s Slide granite. By using this fig- 
ure, it is found that all the zinc in the 
granite can be accounted for by the 
amphibole, but only 7 per cent of the 
lead and 10 per cent of the copper. These 
metals must be present either in other 
silicates (feldspars) or in traces of sul- 
phides. The affinity of zinc for ferrous 
iron is clearly brought out. 


|To be concluded) 


MAFIC AND ULTRAMAFIC ROCKS OF THE BAIE 
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ABSTRACT 


The paper discusses the field relations, petrography, and chemical compositions of a group of igneous 
rocks characteristic of geosynclinal belts: namely, greenstone, ultramafics, and gabbro, which occurs in the 
northeastern extremity of the Appalachians in the vicinity of Baie Verte, Newfoundland. The prevalent 
mineral assemblages of the greenstone are: 

1. Actinolite-(chlorite)-albite-epidote-quartz 
2. Chlorite-(actinolite)-albite-epidote-quartz 
3. Chlorite-calcite-albite-epidote-quartz 


Adjacent to a large quartz-diorite intrusive, the greenstone has been metamorphosed to the amphibolite 
facies characterized by hornblende, oligoclase, and biotite. Concentric structures in chert lenses associated 
with the greenstone suggest colloidal origin. The molecular ratio of Mg /Fe of the serpentinized harzburgite 
is within the range typical of the primary ultramafic magma series of Hess. The alterations and problems of 
correlation of the ultramafics are briefly considered. Discussion of pseudostratified metagabbro, its pegma 
tite facies, and alterations to zoisite-quartz and zoisite-prehnite assemblages, etc., is included. Small sills 
and dikes of mafic gabbro, diorite, porphyrite, and kersantite are described. 


INTRODUCTION Notre Dame Bay on the northern coast 
of Newfoundland, 50° N. lat., 56° W. 
long. (Fig. 1). 

Greenstones and associated ultramafic 


The Baie Verte area is situated on a 
large peninsula between White Bay and 




















Fis ao at; and gabbro intrusives are characteristic 
.s 2) igneous constituents of the great de- 
ABCDBE- Analysed altered pillow basalt ral tty 2 
é ~ formed geosynclines throughout the en- 
12384-Peridotite,ete : ° . 2 bs Ns 
tire world.?, This group of rocks is well 
° represented in the northeastern extrem- 
| 3 ity of the Appalachian geosynclinal belt 
W and was studied by the writer in the vi- 
cinity of Baie Verte.* 

a In common with the rest of Newfound- 
land, and the Appalachian mountain sys- 
tem in general, the structural trends in 

TROP, the area are northeast (Fig. 2). No fos- 
sils have been found in the rocks of this 

BAY OF ° e . 
ISLAND region and, therefore, correlation has 

—— been based on lithology. 

7 hie ae a lhe oldest rocks of the area, the Fleur- 
Fic. I Index map of northwestern Newfound- 2 Walter H. Bucher, The Deformation of the 
land showing the position of the Baie Verte area. Earth’s Crust (Princeton: Princeton University 


‘ “= ——? ea : Press, 1933), pp. 268-73. 
t Princeton University Contribution to the Geology 933), PI 13 


of Newfoundland, No. 21. Published with the per- 3 Kenneth De P. Watson, “Geology and Mineral 
mission of the government geologist of Newfound- Deposits of the Baie Verte-Mings Bight Area,” 
land. Newfoundland Geol. Surv. Bull, (to be published). 
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de-Lys gneisses,’ about 15,000 feet thick, 
are in probable fault contact with the 
Baie Verte formation, about 10,000 feet 
in thickness, which consists predomi- 
nantly of greenstone of the greenschist 
facies of metamorphism. Minor amounts 
of graywacke, tuff, agglomerate, lava, 
slate, ferruginous chert, sandstone, and 








MAFIC AND ULTRAMAFIC ROCKS OF NEWFOUNDLAND 117 


gone intense serpentinization and steati- 


tization. The gabbro has 
suritization, uralitization, 
carbonatization, and altera 


suffered saus- 
silicification, 
tion to zoisite- 


quartz and zoisite-prehnite rock.’ Gran- 


ite, quartz-porphyry, and 


quartz-diorite 


intrusions occur in the Baie Verte forma- 
tion. Adjacent to the latter the green- 
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marble were recognized in the formation. 
The Mings Bight formation is a thickness 
of about 2,000 feet of gneisses and schists 
which occur in the eastern portion of the 
area. 

The Baie Verte formation has been in- 
truded by large, dominantly concordant 
bodies of ultramafic rock and gabbro. 
Much of the ultramafic rock has under- 





‘J. O. Fuller, “Geology and Mineral Deposits 
| of the Fleur-de-Lys Area,’’ Newfoundland Geol. 
’ Surv. Bull., No. 15, 1941. 





Fic. 2.—Geological map of the Baie Verte area 


stone and gabbro have been metamor- 


phosed to the amphibolite 
sills and dikes of mafic 


facies. Small 
gabbro, por- 


phyrite, diorite, and kersantite were ob- 


served in the area. 


BAIE VERTE FORMATION 


GREENSTONE 


More than go per cent of the Baie 
Verte formation is composed of brownish- 


5 Watson, ‘‘Zoisite-Prehnite Alteration of Gab- 


bro,’? Amer. Min., Vol. XXVII (1 


942), pp. 638-45. 
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weathering greenstone which varies in 
degree of alteration from highly crenulate 
chlorite schist to clearly recognizable 
graywacke and lava. The latter includes 
porphyritic lava containing subhedral 
phenocrysts of augite, amygdular types 
with calcite, epidote, quartz, and chlor- 
ite-filled vesicles, and a small amount of 
variolitic rock. Pillow structure (Fig. 3, 
A) was observed in a few places in the 
upper part of the formation. 

The middle part of the Baie Verte 
formation contains three principal zones 
of greenstone which are characterized 
by small lenses or thin lenticular beds of 
dominantly red, ferruginous chert con- 
sisting of an aggregate of extremely 
small interlocking quartz grains through- 
out which minute plates of hematite are 
disseminated. Concentrically banded 
discrete or coalescent spherules (Fig. 5, 
A) and radially disposed, silica-filled 
cracks which were observed in some of 
the chert are suggestive of colloidal ori- 
gin. Edward Sampson’ has proposed 
that in the Notre Dame Bay region to 
the southeast the intimate association of 
somewhat similar cherts with volcanic 
rocks is indicative of a genetic connec- 
tion. 

GREENSCHIST FACIES 


A microscopic study of several thin 
sections of the greenstone occurring in 
localities free from the immediate influ- 
ence of granitic intrusives reveals that 
chlorite, albite, epidote, and quartz in a 
foliated aggregate are present in almost 
all cases. 


Chlorite (Optically +, Ng — Np = .or) 
which is present as irregular plates and shreds 
averaging about o.1 millimeter in length, consti- 
tutes about 25 per cent of the majority of speci- 
mens. The content ranges from as high as 50 
per cent down to zero. Although albite occurs 


6 “The Ferruginous Chert Formations of Notre 
Dame Bay, Newfoundland,”’ Jour. Geol., Vol. XXX1 


(1923), pp. 571-98. 
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as small subhedral laths 0.2-0.1 millimeter 

long in a few cases, it is generally present as 

irregular grains of very small size. The con- 
tent of albite, which is more constant than that 
of chlorite, also averages about 25 per cent. 

Epidote, which composes about 20 per cent of 

the greenstone occurs as small anhedral grains 

or aggregates of grains 0.05-0.1 millimeter in 
diameter. Clinozoisite is associated with the 
epidote in a few sections. Quartz, occurring as 
minute irregular grains up to o.1 millimeter in 
size, constitutes 10 to 15 per cent of most of the 
greenstone examined. Over half of the sections 
studied contain small shreds and imperfect 
elongate prisms of pale green, faintly pleo 
chroic actinolite. The content of actinolite, in 
those greenstones which contain it, varies from 

10 to 35 per cent. In rocks of high content, 

chlorite is either absent or present in very small 

amounts. On the other hand, all of the actino 
lite-free greenstones are calcite-bearing to some 
degree. Sericite is present in small amounts. 

Pyrite, magnetite, sphene, apatite, and rutile 

comprise the accessory minerals. 

The presence in the greenstone of the 
critical constituents, chlorite sericite, al- 
bite, and epidote, places the rock in the 
greenschist metamorphic facies as de- 
fined by Pentti Eskola.?. The prevalence 
of the following assemblages: 

1. Actinolite-(chlorite)-albite-epidote- 
quartz 
Chlorite-(actinolite)-albite-epidote- 
quartz 

3. Chlorite-calcite-albite-epidote-quartz 


in the greenschist facies of the Baie Verte 
formation is best explained by the as- 
sumption that part of the chlorite of the 
second and third assemblages has formed 
in the place of actinolite.* It is postu- 


7 “The Mineral Facies of Rocks,’’ Norsk Geologisk 
Tidsskrift (1920), pp. 154-55. 

8 Cf. Eskola, “The Mineral Development of 
Basic Rocks in the Karelian Formations,”’ Fennia 45, 
No. 19 (1925), pp. 77-78; F. J. Turner, ‘Meta- 
morphism of the Te Anau Series in the Region 
North-west of Lake Wakatipu,’”’ Trans. Roy. Soc. 
N.Z., Vol. LXV (1935), pp. 345-47; C. E. Tilley, 
“The Status of Hornblende in Low Grade Meta- 
morphic Zones of Green Schists,’’ Geol. Mag. 
(1938), PP. 497-511. 
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lated that the formation takes place in 
the presence of solution sufficient to re- 
move lime, in the second case, and in the 
presence of CO, to convert part or all the 
lime to calcite, in the third case. 

The analysis of a specimen of green- 
stone from the southeast shore of Baie 
Verte, 2,500 feet south of Pumbly Point 
(Fig. 2), is given in Table 1. The average 


TABLE 1 


CHEMICAL ANALYSES OF GREENSTONE AND 
ALTERED PILLOW BASALTS 


No 30 
GREENSTONE AVERAGE ANAL 
YSIS OF FIv# 


ALTERED PILLOW 


Chemical <a Basattst 
Analysis* ; 
SiO, 5.06 | Ots...... 6.20 SiO, 47.73 
ALO, at.38 | Gr... 12.23 ALO 15.97 
Fe,0 3.82 | Ab. 12.5% os Fe,0 2.55 
An. 36.96/49 54P¢ 
FeO 5.52 FeO.. 7.64 
MgO 6.62 | En. 16.60\,, gsHy | MgO 6.80 
CaO 7.95 Fs ee. alia y CaO 10.11 
Na.,O 1.52 Cor 3.16 Na.O 3.15 
K.0 2.14 | Ilm. 1.82 |} KO 0.60 
H.0+ 4.68 | Mt 5.57 | H.0-+ 2.58 
H.0— 0.05 | Cal 0.91 H.0- 0.15 
CO 0.40 | H.04 4.68 CO; 1.05 
TiO: o.99 | H.0— 0.05 TiO: 1.29 
P20; ©.14 
Pc =Ab,sAne S °.OI 
Or: Pe =24.4:75.6 MnO 0.14 
Total . 100.15 Total. .99.98 Total 90.91 


* Analysis by G. Kahan. Southeast shore of Baie Verte, 
2,500 feet south of Pumbly Point (Fig. 2). 

1G. R. Heyl, ‘‘Geology and Mineral Deposits of Bay of 
Exploits Area,’’ Newfoundland Dept. Nat. Res. Geol. Sect. Bull. 
No. 3 (1937), p. 21. (Analyses A & B, Fig. 1); G. H. Espenshade, 
“Geology and Mineral Deposits of the Pilleys Island Area,’’ 
Newfoundland Dept. Nat. Res. Geol. Sect. Bull. No. 6 (1937), p. 
23 (Analysis C, Fig. 1); H. J. MacLean, ‘‘Geology and Mineral 
Deposits of Little Bay Area’’ (unpublished Princeton Ph.D. 
thesis, 1940), p. 62 (Analyses D & E, Fig. 1). 


analysis of five altered pillow basalts 
from the Ordovician section of the Notre 
Dame Bay region (Fig. 1), with which 
the Baie Verte formation is believed to 
correlate, is included for comparison. It 
is seen that the greenstone is much richer 
in Al,O,, K,0, and H,O and poorer in 
Na,O and FeO than the average basalt. 

Similar differences are apparent when 
the analysis is compared with the anal- 
yses of altered Keewatin pillow lavas and 


greenstones recently compiled by J. Sat- 
terly,’ the average of nineteen spilitic 
greenstones published by N. Sundius,’° 
and analyses of chlorite schists and 
greenstones given by Eileen M. Guppy" 
and Walter Larsson.” It is suggested 
that potash metasomatism may have af- 
fected the rock selected for analysis, al- 
though minute veinlets of potash feld- 
spar and quartz were not apparent as 
they were along the shore farther south 
in the vicinity of the quartz-diorite. 


AMPHIBOLITE FACIES 


In the south-central part of the quad- 
rangle, the Baie Verte formation is in- 
truded by a mass of quartz-diorite which 
occupies an area of approximately 12 
square miles within the boundaries of the 
region studied. 

The quartz-diorite is a gray, medium- 
grained rock which is slightly gneissic in 
places. 

Microscopic study reveals that the plagio 
clase is highly altered. 

The most abundant feldspar is albite 
(Ab,;An,, Np 1.530, Nm 1.534, Ng 1.540) 
which occurs as subhedral and anhedral grains 
averaging about 1.5 millimeters in diameter. 
Many of the grains exhibit excellent pols 
synthetic twinning. Sericite, epidote and a 
little clinozoisite occur in abundance through- 
out the albite. In most cases, the alteration has 
been more intense in the centers of the grains 
than on their margins. Orthoclase, microcline, 
and perthite were observed in small amounts. 
The latter occurs as small interstitial grains. 
Occasional grains of quartz show trains of 


9Pillow Lavas from the Dryden-Wabigoon 
Area, Kenora District, Ontario,’ Univ. Toronto 
Studies, Geol, Ser. No. 46 (1941), pp. 133-34. 

10 “On the Spilitic Rocks,’’ Geol. Mag., Vol. 
LVITI (1930), p. 9. 

tt “Chemical Analyses of Igneous Rocks, Meta- 
morphic Rocks and Minerals,’? Mem. Geol. Suro. 
Great Britain (1931). 

12 “Chemical Analyses of Swedish Rocks,” Bull. 
Geol. Inst. Univ. Upsala, Vol. XXIV _ (1933), pp. 
47-190. 
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fluid inclusions. Biotite (X=light brown, Y & 
Z = dark brownish green) containing inclusions 
of zircon surrounded by dark halos, occurs as 
flakes about 0.3 millimeter in length. Some of 
the flakes are altered to chlorite at their termi- 
nations and along cleavage planes. Epidote, 
in addition to its occurrence within the albite, 
is present as fairly large anhedral grains dissemi- 
nated throughout the rock. It is also common as 
small veinlets about 0.1 inch in thickness. The 
accessory minerals include sphene (some of 
which appears almost uniaxial), apatite, zircon, 
ilmenite, rutile, garnet, calcite and pyrite. 


\n analysis of a sample of quartz-dio- 


rite from the west side of The Steady 


TABLE 2 


CHEMICAL AND MINERAL ANALYSIS 
OF QUARTZ-DIORITE 


Chemical N 


Analveie® orm Mode 
SiO 68.27 Qtz 22.26 Quartz 22.8 
ALLO 15.73 | Or 10.56 Potash Feld 
Fe.0,.. 1.27 Ab 44-01\-6 4, pg ar 3.1 
An 12.23 i Albite 58.1 
Sericite 1.0 
Epidote 3.7 
FeO 1.92 Biotite Ir.o 
MgO I.gI En +.80\ ¢ Hy| 5phene ©.2 
CaO 2.44 | Fs £72 “| Apatite o.1 
Zircon 0.02 
Na,O 5.24 Mt 1.86 
K.0 1.76 Ilm °0.gI 
H.0-4 0.77 Cor °.7I 
H.0 0.04 
H.0-4 0.77 
CO 0.04 | H.0 
rio 0.47 
P.O 0.18 | Pe=AbyAn Pc=Ab,,An 
MnO 0.06 | Or:Pc=15.8:84.2 
Total. . 100.10 Total. .99.87 Total. 100.02 


* Analysis by G. Kahan. No. 301 West side of The Steady 
Water, 1,500 feet southwest from point at which trail meets head 
f pond (Fig. 2). 


Water, 1,500 feet southwest from the 
point at which the trail meets the head of 
the pond (Fig. 2), is given in Table 2. 
For a horizontal distance of at least 
1,000 feet from the northwest boundary 
and 4,500 feet from the eastern boundary 
of the quartz-diorite the greenstones 
have been raised in degree of metamor- 
phism to the amphibolite facies. They 
consist of brown-weathering, dark green, 
fine to medium-grained, schistose rocks 
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in which amphibole, feldspar, and biotite 
are megascopically visible in most cases. 


Hornblende, which is characterized by a dis- 
tinct pleochroism (X = pale yellowish green, 
Y & Z= dark green), occurs as subhedral 
prisms and shreds ranging from 0.25 too.5 milli- 
meter in length, in most thin sections. The 
average hornblende content of the rocks of this 
facies is 40 to 50 per cent. In some specimens, 
oligoclase, and in others, plagioclase near the 
albite-oligoclase boundary, are present as small 
anhedral grains throughout the schist. It has 
estimated that plagioclase constitutes 
from 15 to 20 per cent of the typical assem- 
blage. Markedly pleochroic brown biotite (X = 
pale yellow, Y & Z = dark brown) is present as 
flakes about o.1 millimeter in length which gen- 
erally comprise 5 to 10 per cent of the section. 
The remaining major constituent is quartz and 
in most cases, epidote and clinozoisite. The epi- 
dote content of the amphibolite facies is notice- 
ably less than that of the lower grade of meta- 
morphism. Rutile and a black metallic were 
observed as accessories. Of these, rutile is the 
more abundant mineral, occurring in high con- 
centration in proximity to the northern contact 
of the quartz-diorite mass. In one thin section, 
minute anhedral grains or aggregates of such 
grains, up to 0.25 millimeter in diameter con- 
stitute almost 5 per cent of the rock. 


been 


ULTRAMAFIC ROCKS 
Bodies of ultramafic rocks and their 
alteration products are abundant in the 
area which was studied (Fig. 2). They 
occur principally in the Baie Verte for- 
mation as dominantly concordant intru- 
sives of various sizes. The largest ultra- 
mafic mass extends from the bottom of 
Mings Bight to Three Corner Pond situ- 
ated about 3 miles to the southwest, and 
outcrops over a maximum width of al- 
most 15 miles. 


PERIDOTITE AND SERPENTINIZED DERIVATIVES 

Recognizable peridotite constitutes 
the greater part of two large intrusives in 
the Baie Verte formation, one of which 
occurs west of Butlers Pond and the 
other principally between Upper and 
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Lower Duck Brooks. A similar type of 
rock composes Grassy Island. 

The weathered surface of the perido- 
tite is characterized by a distinctive red- 
dish-brown color and by the presence of 
gray pyroxene and black chromite grains 
which stand out in marked relief. Indis- 
tinct pseudostratification with bands 
varying from a few inches up to several 
feet in thickness is apparent upon the 
weathered surface in a few places. A 
fresh surface of the rock shows dark gray- 
ish-green crystals of pyroxene averaging 
about o.1 inch in diameter in an extreme- 
ly fine-grained, dark-green to black ser- 
pentinized groundmass. 

Microscopic study reveals that both 
harzburgite and lherzolite are represent- 
ed in the peridotite masses 


The harzburgite consists of large anhedral 
to subhedral crystals of enstatite (2V = 80°+; 
Ng = 1.6725 + .002; 91.50 per cent En) in 
an aggregate of irregularity interlocking serpen- 
tinized olivine grains averaging about 2 milli- 
meters in diameter. The crystals of enstatite 
contain a few minute exsolution lamellas of 
diopsidic pyroxene oriented parallel to 100, the 
optic plane. The olivine grains are separated 
into rounded and polygonal areas by a reticu- 
lating network of serpentine veinlets. Some of 
the enstatite crystals are replaced by serpen- 
tine on their peripheries. Magnetite is dis- 
seminated throughout the serpentine as minute 
grains. Chromite is present as highly irregular 
grains which have an average diameter of ap- 
proximately o.75 millimeter. Many of the 
grains are tonguelike and contain olivine in- 
clusions and definitely appear to have crystal- 
lized late (Fig. 5, B). The texture of the harz- 
burgite is best described as ‘“‘pseudo-porphyrit- 
ic’? inasmuch as the large crystals of enstatite 
which resemble phenocrysts, contain inclusions 
of olivine, indicating that they probably 
crystallized late. 


An analysis of a sample of harzburgite 
from the eastern shore of Grassy Island, 


'SH. H. Hess, and A. H. Phillips, ‘Optical 
Properties and Chemical Composition of Magnesian 
Orthopyroxenes,’’ Amer. Min., Vol. XXV (1940), 
pp. 271-85. 





350 feet from the northern end (Fig. 2), 
is given in Table 3. Rosiwal analysis in- 
dicates that the mineralogical composi- 
tion of the rock prior to serpentinization 


was as follows: olivine, 88.6 per cent by 
weight; enstatite, 10.3 per cent by weight; 
chromite, 1.1 per cent by weight. The 
olivine and enstatite are now serpen- 


TABLE 3 


CHEMICAL ANALYSES OF SERPEN- 
TINIZED HARZBURGITE 


Bay 
No 
Island 

SiO 39. 39 39.20 
ALO, 0.98 3 .82 
FeO, 3.00 4.27 
FeO 4.97 3.02 
MgO 41.03 38.53 
CaO 0.50 1.25 
Na,O 0.06 0.23 
K,0 None None 
H,0+ 8.43 10.05 
H,0— ; 0.21 0.58 
CO, O.11 0.47 
TiO, 0.01 0.04 
P.O, Trace 
Cr,0, 0.27 ©. 39 
MnO 0.12 O.1! 

Total 99.98 100.02 

Mg: Fe (molecular ratio) 9.98 10 

* Analysis by G. Kahan Eastern Shore of Grassy Isla 


350 feet from northern end (Fig 

t J. R. Cooper, ‘‘Geology of Southern Half of the Bay 
Islands Lgneous Complex,’’ Newfoundland Dept. Nat. Res., G 
Sect. Bull. No. 4, 1936), Appen. 1 


tinized to the extent of approximately 50 
per cent and 20 per cent, respectively. 
An analysis of serpentinized harzburg 
ite from the Bay of Islands igneous com 
plex (Fig. 1) is included in Table 3 for 
comparison. The molecular ratio of Mg 
to Fe in the Baie Verte and Bay of 
Islands rocks is 9.98 and 10.05, respec- 
tively. It is interesting to note that 
Hess" has found that the Mg/Fe ratios 


'4“A Primary Peridotite Magma,’’ A mer. Jour. 


Sci., Vol. XXXV (1938), pp. 341-43. 
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of the rocks which he believes represent 
the primary ultramafic magma series are 
greater than 7.5 and in many examples 
are between g and to. 

The lherzolite contains crystals of 
clinopyroxene in addition to olivine, en- 
statite, chromite, serpentine, and magne- 
tite. 


lhe clinopyroxene is diopside with an optic 
angle of approximately 60°, a birefringence of 
024+ and an extinction angle of 35° to 40°. 
It occurs as anhedral grains averaging about 
1.0 millimeter in diameter. A highly ser- 
pe ntinized lherzolite from the western shore of 
Grassy Island was estimated to contain about 
15 per cent enstatite and ro per cent clino- 
pyroxene, 

Serpentinized peridotite masses, indicated 
to be sill-like by a magnetic survey, crop out in 
the vicinity of the Terra Nova mine. The rock 
contains serpentinized clinopyroxene, chromite 
and abundant serpentine and magnetite de- 
rived from olivine. 

An interesting type occurring on South- 
west Brook about a mile from the mine con- 
sists of a serpentine groundmass containing 
large irregular crystals of diopside with numer- 
ous poikilitic inclusions of serpentine and mag- 
netite after olivine. Although the inclusions 
have a well-defined relict rounded outline (Fig. 
5, C), they appear to have been partially re- 
placed by the pyroxene with the result that 
their actual form is extremely irregular (Fig. 5, 
D). 

Serpentinized peridotite consisting 
principally of pyroxene occurs in a few 
localities in the area. In a mass of ser- 
pentine behind the settlement of Baie 
Verte, there are unsheared portions 
which consist almost entirely of pseudo- 
morphs of pyroxene crystals } inch in 
length. 

Pyroxene-rich peridotite which has 
suffered only partial serpentinization was 
observed as small bodies on Upper Duck 
Brook and east of Deer Pond. 


The pyroxene (diopside; 2V = 60°+) which 


constitutes over 75 per cent of the rock, is 
present as anhedral grains about 1.5 


milli- 
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meters in diameter, separated by interstitial 

serpentine. Tremolite has resulted from the 

alteration of the pyroxene in some cases. 
SERPENTINE 

The peridotite of many localities in the 
region is so completely serpentinized that 
no unaltered pyroxene or olivine remain. 
However, in several cases, relict textures 
clearly show the original character of the 
rock. Rounded areas of serpentine con- 
taining magnetite concentrated along 
lines arranged in an irregular fracture- 
like pattern, represent altered olivine, 
and bastite is indicative of the original 
presence of pyroxene. 

In many places the serpentine is high- 
ly sheared with the result that the relict 
textures have been obliterated. Typical 
sheared serpentine consists of a matlike 
aggregate of serpentine and 
flakes throughout which minute grains of 
magnetite and chromite are disseminat- 


shreds 


ed. 
TALC-CARBONATE 


Alterations of the ultramafic rocks to 
assemblages consisting principally of 
pale-green talc and buff-colored car- 
bonate, in various proportions, are of 
common occurrence. 


The reddish brown weathering carbonate 
(No = Ne = 1.51) occurs as irregular 
grains which have an average diameter of about 
1 millimeter but they attain a size of 1.5 inches 
in a few cases. The talc is present as an aggre- 
gate of minute fibers and shreds. Accessory 
minerals include magnetite, chromite, and 
specular hematite. 


1.695, 


SERPENTINIZATION AND STEATITIZATION 

The serpentinization of the ultramafic 
rocks is considered to be an autometa- 
morphic reaction, because there is no ap- 
parent localization of the alteration to 
the margins of the bodies, and in the par- 
tially serpentinized peridotites the oli- 
vine relicts are approximately uniformly 
spaced and exhibit the same degree of 
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replacement.'® The alteration of the 
serpentinized ultramafics to talc-carbon- 
ate rock is probably attributable to the 
presence of hydrothermal solutions which 
were related to the granitic intrusions of 
the area."® 

AGE 

The ultramafics intrude the Baie 
Verte formation which corresponds litho- 
logically to the Ordovician of Notre 
Dame Bay. The occurrence in some of 
the ultramafic bodies of steeply dipping 
pseudostratification, approximately par- 
allel to the foliation of the greenstones, 
suggests that their intrusion preceded the 
major folding.*? 

Pseudostratified sheets of ultramafic 
rocks occurring in the Ordovician of 
Betts Cove-Tilt Cove, Trout River, Bay 
of Islands and Hare Bay areas (Fig. 1, 
I, 2, 3, and 4) have been described by 
A. K. Snelgrove’® and Earl Ingerson’? 
and J. R. Cooper,” respectively. Those 
in the west coast region are of pre-Missis- 
sippian age and are considered by Inger- 
son to have been intruded during the 
Devonian, and by Cooper, near the close 
of the Ordovician. 

'S Hess, “The Problem of Serpentinization and 
the Origin of Certain Chrysotile Asbestos, Talc and 
Soapstone Deposits,’’ Econ. Geol., Vol. XXVIII 
(1933), PP. 652-53. 

16 Tbid., p. 635. 

7 Joe Webb Peoples, “Gravity Stratification as a 
Criterion in the Interpretation of the Structure of 


the Stillwater Complex,’”’? Montana Rept., 16th 
Internat. Geol. Cong. (1933), PP. 353-60. 


8 “Geology and Ore Deposits of Betts Cove- 
Tilt Cove Area, Notre Dame Bay, Newfoundland,”’ 
Can. Inst. Min. Met. Monthly Bull. 228 (1931), pp. 
477-519. 

19“Tayered Peridotitic Laccoliths of the Trout 
River Area, Newfoundland,” Amer. Jour. Sci., Vol. 
XXIX (5th ser., 1935), pp. 422-40. 


20 “Geology of Southern Half of the Bay of 
Islands Igneous Complex,’’ Newfoundland Dept. 
Nat. Res., Geol. Sect. Bull. No. 4 (1936); “Geology 
and Mineral Deposits of the Hare Bay Area,” ibid., 
No. 9 (1937). 
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Ultramafic rocks occur in relative 
proximity to Newfoundland in the south- 
western continuation of the Appalachian 
mountain system in Gaspé and south- 
eastern Quebec. In Gaspé the ultra- 
mafics intrude metamorphosed Ordo- 
vician volcanics which are overlain un- 
conformably by less highly metamor- 
phosed Silurian and Devonian rocks. No 
ultramafics occur in the post-Ordovician 
rocks and, therefore, they are considered 
by F. J. Alcock to have been intruded 
at the close of the Ordovician. 

A similar conclusion regarding the age 
of the peridotite in the Thetford area of 
southeastern Quebec has been reached by 
H. C. Cooke.” In this region the intru- 
sions have been controlled by post-Ordo- 
vician folding and have been folded by 
post-Lower Devonian movement. 

Lacking any definite data on the age of 
ultramafic intrusives of Newfoundland, 
the writer suggests that they may be 
Taconic by correlation with the petro- 
graphically similar rocks which occur in 
the adjacent portion of the Appalachi- 
ans. 

METAGABBRO 

The majority of the numerous meta- 
gabbro bodies which intrude the rocks of 
the Baie Verte formation are dominantly 
concordant, although locally they tran- 
sect the foliation of the country rock. 

The metagabbro is composed princi- 
pally of saussuritized plagioclase and 
uralitized pyroxene in varying propor- 
tions. For the most part, it is a light 
greenish-gray, medium-grained massive 
rock exhibiting well-developed rhombo- 
hedral jointing (Fig. 3, B), although local 
phases are highly sheared and therefore 

21 “Geology of Chaleur Bay Region,” Geol. Surv. 
Canada Mem. 183 (1935), Pp. 38. 


22 ‘Thetford Disraeli, and Eastern Half of War- 
wick Map Areas, Quebec,” Geol. Surv. Canada Mem. 
211 (1937), pp. 70-71. 
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difficult to distinguish from the green- 
stone of the area. 


None of the thin sections which were ex- 
amined showed unaltered plagioclase, and a 
relatively small proportion of them contained 
any unaltered pyroxene. A study of fresh- 
appearing specimens from the intrusive to the 
northwest of the Terra Nova Mine, revealed 
that the pyroxene, occurring as anhedral grains 
averaging about 0.25 millimeter in diameter is 
augite? (2V = 47.5°; Np =1.690; Ng= 
1.718+.003). Many of the grains are twinned. 
Most of the augite shows an irregular peripheral 
alteration to actinolite or colorless tremolite. 
Some, however, is altered to actinolitic horn- 
blende characterized by a fairly deep color and 
distinctive pleochroism. Plagioclase occurs as 
irregular polysynthetically twinned laths, 0.75 
millimeter in average length, which are highly 
altered. They consist of albite throughout 
which numerous small prisms of clinozoisite and 
grains of epidote are disseminated. Clinozoisite 
also occurs as clusters of euhedral prisms in 
areas interstitial to the plagioclase laths. 
Leucoxene is present in abundance as pseudo- 
morphs of subhedral skeletal crystals of ilmenite 
about 0.3 millimeter in diameter. 

The chemical analysis and mode of a 
specimen of massive rock consisting of 
saussuritized plagioclase and partially 
uralitized augite from the southwest 
shore of Baie Verte, 2,300 feet south of 
the Bowater Lloyd Company’s wharf 
(Fig. 2), is given in Table 4. 


PEGMATITE FACIES 

In many places small, irregular masses 
of metagabbro with pegmatitic texture 
occur throughout the intrusives. Sharp- 
ly defined contacts with the rock of nor- 
mal texture are rarely observed (Fig. 4, 
A). The pegmatite consists of large 
crystals of saussuritized plagioclase and 
partially or completely uralitized pyrox- 
ene, which attain a length of several 
inches in some places. Within the peg- 
matite bodies there are commonly strik- 


?3 Hess, ““Pyroxenes of Common Mafic Magmas,”’ 
Amer. Min., Vol. XXVI (1941), p. 520. 
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ing variations in the mineral propor- 
tions. 
PSEUDOSTRATIFICATION 
Well-defined pseudostratification was 
observed in several thick horizons of the 
large sills in the vicinity of Point Rousse 
(Fig. 3, C). In some cases the bands, 


TABLE 4* 





ZoIsITE- 
METAG 

. fees a PREHNITE 

7 de No. 286} 

Chemical Nor Chemical 

~ Norm a 

Analysis Analysis 
SiO. 48.74 | Or 0.56)» so Pc SiO, 44.15 
ALO 18.26 | Ab 15.72} 44 44, .| ALO; 19.07 
Fe.O; 1.23 | An ye eee 1.03 
FeO 4.08 En 8.90 FeO 2.49 
MgO 8.76 | Fs. 2.64>24.18 Di.. MgO 5.37 
CaO 14.4¢ | Wo 12.64 CaO 25.22 
Na,O 1.87 | En 5.43 -u., | NazsO 0.14 
K.,0 0.10 | Fs 1.54 6.97Hy K,0 0.00 
H.0+ 2.25 | Fo. 5.30 H.0-+ 2.46 

4 60 

H,O0—.... 0.02 | Fa 1.66, ©9601) FO: ** 6.03 
CO, 0.05 | Mt 1.86 co, 0.03 
TiO: 0.18 | Ilm 0.30 TiO, c.14 
P.O; o.or | H,O+ 2.25 P.O. 0.02 
MnO o.10 | H.O— 0.02 MnO 0.08 
—_——| ~ = 
Total..100.05 | Total. .100.06 Total . 100. 23 


Analyses by: G. Kahan. 


ZoIsITE- 
PRENHITE 286 


METAGABBRO 177 


Altered plagioclase 53 


Zoisite 83 
Mode; percentage) Pyroxene and altera- 
by weight tions ven 47 | Phrenite 15 
Actinolite 2 
Specific gravity 3.01 3.18 
Porosity; percent 
age °.3 o.1 
* Watson, ‘‘Zoisite-Phrenite . . . . ,’’ op. cit. 


+ Southwest shore of Baie Verte, 2,300 feet south of the 
Bowater Lloyd Company’s wharf (Fig. 2). 

t South bank of Rattling Brook, 4,600 feet N. 15° W. from 
its mouth (Fig. 2). 


which range from o.1 inch to a foot in 
thickness, continue with regularity for 
50 or 100 feet along the strike before they 
terminate by lensing out or are faulted 
off by movement along transverse joint 
planes. Their attitude is approximately 
conformable to the basal contacts of the 
sills. The tabular and prismatic crystals 
are oriented with their major axes paral- 
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lel to the plane of the foliation, but they interesting criterion for checking the de- 
show no linear arrangement within the termination of the tops of the sills, al- 
plane. The contacts between adjacent though in several cases indeterminate re- 
bands are relatively sharp in some cases ___lationships and reversals were noted. 











Fic. 4.—A, pegmatite in metagabbro of normal texture. Note gradational contact in places. Natural 
size. B, density gradations in pseudostratified metagabbro. Top is up. Natural size. 


and gradational in others. Within many Hess** has concluded that the factors 
of the bands there is a variation from a__ responsible for primary banding in gab- 
pyroxene-rich facies at the bottom to a_ bro are: (1) the relative density differ- 
feldspar-rich one at the top (Fig. 4, B). 


eR . : *4“Primary Banding in Norite and Gabbro,”’ 
rhis density gradation proved to be an 


Trans. Amer. Geophys. Union (1938), p. 266. 
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ences between each of the main constitu-  tulating that they were intruded in an 
ents settling, plagioclase and pyroxene, approximately horizontal position and 
compared to the density of the magma; _ were crystallizing during the period of 
(2) disturbance of the normal state of folding. 





Fic. 5.—A, photomicrograph of colloform structure in ferruginous chert. Cluster and string of sub- 
hedral pyrite grains near center. Magnification: X27. B, late chromite grain in serpentinized olivine. 
Magnification: X4o. C, relict rounded outlines of olivine grains included in and partially replaced by diop- 
side, and subsequently serpentinized. Magnification: 40. D, same field as C with crossed nicols. Note 
replacement of inclusions by diopside. Magnification: X40. 


quiescence in the magma by short epochs AMPHIBOLITE FACIES 

of gentle flow. Metagabbro occurring within the con- 
This explanation may be applied to tact aureole of the quartz-diorite has also 

the pseudostratification observed insome _ been converted to the amphibolite facies. 

of the sills of the Baie Verte area by pos- This rock, which differs from the meta- 
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morphosed greenstone in being coarser 
grained and more massive, contains 
hornblende, oligoclase, biotite, epidote, 
zoisite, quartz, and chlorite. The acces- 
sory minerals include abundant rutile 
and small amounts of ilmenite, leucox- 
ene, magnetite, and apatite. 


ZOISITE-QUARTZ AND ZOISITE-PREHNITE 
ALTERATIONS 

In the area between Lower Duck 
Brook and Marble Cove, much of the 
gabbro has been altered to a white, me- 
dium- to fine-grained, schistose rock com- 
posed of zoisite and quartz. The quartz 
occurs in the interstices between an- 
hedral zoisite grains or aggregates of 
grains and as small veinlets. Adjacent to 
serpentine the rock contains abundant 
minute flakes of bright green fuchsite.*5 

Near the northern end of the metagab- 
bro body which terminates a short dis- 
tance north of Rattling Brook, the rock 
has been altered to an aggregate consist- 
ing principally of zoisite and prehnite.”° 
The zoisite-prehnite rock varies from 
very fine to fairly coarse grained and is 
white or faintly greenish due to the pres- 
ence of actinolite. Although outcrops are 
not abundant, it appears that the altera- 
tion extends over an area of several hun- 
dred square feet and grades into the nor- 
mal metagabbro. Microscopically it is 
seen that the zoisite is intricately trav- 
ersed by a network of minute prehnite 
veinlets. 

The analysis of zoisite-prehnite rock 
from the south bank of Rattling Brook at 
a point 4,600 feet N. 15° W. from its 
mouth (Fig. 2) is given in Table 4. A 
comparison of its composition with that 
of the typical metagabbro shows that the 
principal change involved in its forma- 

2s Duncan Whitmore, “The Chromium Micas.” 
Unpublished report of the National Research Coun- 
cil of Canada, 1940. 

. » Op. cit. 


26 Watson, “‘Zoisite-Prehnite . . . 
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tion was the addition of lime. Decrease 
in the silica, iron, magnesium, and alkali 
content is also noticeable. It is suggested 
that the zoisite-prehnite and zoisite- 
quartz alterations have resulted from the 
action of hydrothermal solutions prob- 
ably related to the granitic rocks of the 
area. 
OTHER ALTERATIONS 

Silicification and 
alone or in combination, have affected 
the metagabbro of several localities. 

Fibrous tremolite was observed in 
abundance as narrow slip-fiber and cross- 
fiber veinlets in the metagabbro in a few 
places, particularly in the highly mafic 
portions (Fig. 3, D). 


AGE 

The metagabbro is younger than the 
rocks of the Baie Verte formation, since 
it exhibits chilled contacts against them 
in several places and is older than the 
quartz-diorite, since the latter has meta- 
morphosed it to the amphibolite facies 
within the contact aureole. Well-ex- 
posed, unsheared contacts between the 
metagabbro and ultramafics were not ob- 
served and, in the few places where they 
are exposed in proximity, no critical data 
were obtainable. 


MINOR INTRUSIVES 
MAFIC GABBRO 


Dark gray, medium- to fine-grained, 
massive dikes of mafic gabbro occur in 
abundance within the larger metagabbro 
bodies of the area. The dikes are from 
less than a foot up to 25 feet wide. In- 
dividually they show striking uniformity 
in width and have marked chilled con- 
tacts. In most cases their intrusion ap- 
pears to have been controlled by the joint 
pattern of the country rock. 

Augite which occurs as small, irregular, 
twinned and untwinned grains averaging about 


carbonatization, ° 
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o.2 millimeter in diameter, composes about 40 
per cent of the rock. Hornblende (X = light, 
yellowish brown, Y & Z = dark greenish brown) 
is present as separate prisms and as replace- 
ments on the margins of the augite crystals. 
Highly saussuritized, polysynthetically twinned, 
irregular laths of plagioclase, averaging 0.5 
millimeter in length, are also a major con- 
stituent. Leucoxene replacing large skeletal 
crystals of ilmenite is abundant. Zoisite, quartz, 
and apatite were observed in small amounts. 


DIORITE 

Several narrow, nonporphyritic, me- 
dium- to fine-grained sills of intermediate 
composition were observed in the green- 
stones in the vicinity of Baie Verte set- 
tlement. They show well-defined chilled 
contacts and are readily distinguishable 
from the adjacent greenstones because of 
their massive character. 

Hornblende (X = light yellowish green, Y & 
Z dark green) occurring as irregular prisms 
0.5 to 1.0 millimeter in length, is an important 
constituent of the rock. Partial alteration of the 
hornblende to actinolite and chlorite has taken 
place. Cloudy grains of albite also occur in 
abundance in the sills. Epidote is present as 
small grains within the albite and also as crys- 
tals about 0.2 millimeter in diameter, through- 
out the remainder of the rock. Skeletal crys- 
tals of leucoxene, commonly containing relict 
ilmenite, were observed in abundance in some 
of the thin sections examined. 


PORPHYRITE 

Massive porphyritic sills, a few feet in 
thickness, exhibiting chilled margins, oc- 
cur in the greenstones of the area in sev- 
eral places. The rock contains highly 
saussuritized plagioclase laths averaging 
about 4 millimeters in length and show- 
ing a slight alignment. They occur in a 
fine-grained, greenish-gray groundmass 
which contains abundant actinolite. 


LAMPROPHYRE (KERSANTITE) 
A steeply-dipping kersantite dike, 15 
feet in width, was observed transecting 
rocks of the Baie Verte formation in the 
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channel of Upper Duck Brook. The 
kersantite is a medium-grained, panidio- 
morphic textured, massive, dark gray 
rock in which brown biotite, hornblende, 
and feldspar are megascopically visible. 


Biotite (X = pale yellow, Y & Z = tan) 
occurs as flakes 0.3-0.5 millimeter in length. 
Hornblende (X = light yellowish brown, Y & 
Z = dark brown) is present as subhedral prisms 
of about the same length, many of which have 
irregular coronas of tremolite. Augite was 
observed as anhedral grains 0.3 millimeter in 
diameter, which have been partly replaced by 
actinolite and chlorite in many cases. Albite 
occurs as subhedral and anhedral crystals aver- 
aging about o.5 millimeter in length. Slender 
prisms and needles of apatite up to o.5 milli- 
meter in length were observed in abundance. 
The remaining minerals of the kersantite are 
carbonate, ilmenite and leucoxene. 


SUMMARY AND CONCLUSIONS 


Greenstone of the Baie Verte forma- 
tion consists predominantly of one of the 
following assemblages: 


1. Actinolite-(chlorite)-albite-epidote- 


quartz 

2. Chlorite-(actinolite)-albite-epidote- 
quartz 

3. Chlorite-calcite-albite-epidote- 
quartz 


It is believed that part of the chlorite of 
2 and 3 has developed in place of actino- 
lite in the presence of solutions capable of 
removing lime, in the second case, and in 
the presence of CO, to fix part or all of 
the lime in calcite, in the third case. 

Adjacent to a large quartz-diorite in- 
trusive, greenstone, normally containing 
the critical constituents, chlorite, seri- 
cite, albite, and epidote of the green- 
schist facies, has been converted to the 
amphibolite facies characterized by horn- 
blende, oligoclase, and biotite. 

Some of the chert lenses associated 
with the greenstones show concentrically 
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banded spherules which are suggestive of 
colloidal origin. 

The molecular ratio of Mg/Fe in the 
serpentinized harzburgite is 9.98, which 
is within the range typical of the primary 
ultramafic magma series of Hess. The 
serpentinization which has affected the 
ultramafics is considered to be deuteric, 
but the steatitization is regarded as a 
later hydrothermal effect. 

It is suggested that the pseudostrati- 
fication observed in some of the meta- 
gabbro sills may have resulted from dis- 
turbance of the normal delicate differen- 
tial settling of plagioclase and pyroxene 
crystals caused by folding during crystal- 
lization. 

The alteration of the metagabbro to 
zoisite-quartz and zoisite-prehnite as- 
semblages is believed to be an effect of 
hydrothermal solutions related to the 
granitic rocks of the area. 

The Baie Verte formation is lithologi- 
cally similar in several respects to parts 
of the Ordovician section of Notre Dame 
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Bay. It is suggested that the ultramafics 
may be Taconic because of the occur- 
rence of similar ultramafics of probable 
Taconic age in Gaspé and southeastern 
Quebec. No _ well-exposed, unsheared 
contacts between the ultramafics and 
metagabbro were observed. The meta- 
gabbro is definitely older than the quartz- 
diorite, since it has been metamorphosed 
to the amphibolite facies within the con- 
tact aureole. 
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GLACIATION OF THE DU NOIR VALLEY 


FREMONT COUNTY, WYOMING 


NEIL A. MINER 
Cornell College 


DAVID M. DELO 
Knox College 


ABSTRACT 


Two stages of glaciation are recognized in the Du Noir River Valley. The first of these, previously recog- 
nized, is believed to be early Wisconsin, probably Iowan, in age and probably is to be compared with the 
Wisconsin I glaciation described by L. L. Ray in the southern Rocky Mountains. A second glacial stage, 
hitherto unrecognized, is believed to represent a late stage of the Wisconsin glaciation, probably comparable 


to the Wisconsin IT stage as described by Ray. 


INTRODUCTION 

The Du Noir Valley is located fifteen 
miles northwest of Dubois, Fremont 
County, Wyoming, near the northwest- 
ern end of the Wind River Basin. 
Several southward-flowing headwater 
streams rising high against the Continen- 
tal Divide at the southern edge of the 
Absaroka Plateau combine to form the 
Du Noir River, which flows in a south- 
southeasterly direction for 9 miles before 
joining the Wind River. The total drain- 
age area of the Du Noir Valley system is 
approximately 1co square miles, of which 
about two-thirds lies to the northward of 
the junction of the tributary headwater 
streams. This upper drainage basin is 
bounded by cliffs of stratified volcanic 
rocks of the plateau, 300-600 feet high, 
which rise to elevations approximating 
11,000 feet. During the Pleistocene this 
entire area formed a catchment basin for 
an ice mass which moved southward 
through the lower valley, and one small 
glacier still exists on the eastern slope of 
Du Noir Mountain. 

Although reconnaissance observations 
have been made in this region at inter- 
vals since the early Hayden surveys, no 
detailed work has been published on this 


area. In connection with their work with 
the Cornell-Knox Summer Geology 
School, the writers have spent parts of 
two field seasons in the region, giving 
particular attention to the lower valley 
of the Du Noir River, which appears to 
be the critical area for interpreting the 
geologic history and structure of the up- 
per end of the Wind River Basin. De- 
tailed conclusions concerning the struc- 
ture have not as yet been completed, but 
the major phases of the glacial history of 
this interesting area seem to have been 
deciphered. 


UPPER DU NOIR VALLEY 

The source of Du Noir River consists 
of two main forks—West Fork and East 
Fork (Fig. 1, 7). Both streams head in 
cirques. Postglacial stream erosion has 
developed canyons, or deepened earlier 
ones, to a depth of 200 feet in the lower 
portions of both valleys. Between 3 and 
6 miles below the junction of East and 
West forks three tributary streams enter 
the main valley from the east. From 
north to south these are Sixmile, Five- 
mile, and Fourmile creeks. From each of 
these valleys a mass of glaciofluvial ma- 
terial has been carried far out into 
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Fic. 1.—Map of the Du Noir River area showing Bull Lake lateral moraine (xxxxxxxxxxx) and Pine 
dale lateral moraine ( ). Enclosed area represents the terminal moraine of combined Du 


Noir, Wind River, and Long Creek glaciers. 
interval 100’. U.S.G.S. topographic map. 


All numerals refer to text. 


Scale 


I 


125,000. 


Contour 





Ps 

i Du 
s §=allu 
Riv 


as a 











| 
ts Rar 
i 
{ Ri 
Du 
the 
mi 
Ri 
; 
% 





IRE. 























GLACIATION OF THE DU 





Du Noir Valley and deposited as a large 
alluvial fan which has forced the Du Noir 
River to the western side of its valley. 
LOWER DU NOIR VALLEY 

The lower portion of the Du Noir Val- 
ley, with which this paper deals mainly, 
is a broad, flat-floored depression which 
joins the narrower valley of the Wind 


» 


FIG. 2. 


NOIR VALLEY, WYOMING 


View northeast at the junction of Du Noir and Wind River valleys. 





133 





Valley, attesting the superiority of the 
Du Noir ice lobe (Fig. 2, 2). 

At this point the floor of the Wind 
River Valley (Fig. 2, 3) is between 200 
and 300 feet higher than the Du Noir 
River (Fig. 2, 4) and consists of morainic 
debris. Just below the junction of the 
two rivers, the Wind River Valley nar- 
rows conspicuously, and the stream flows 





The Owl Creek 


Range appears in the background. Numerals refer to the text. 


River obliquely, about 1o miles above 
Dubois (Fig. 2, 7). The average width of 
the valley is about three-fourths of a 
mile, but at the juncture with the Wind 
River Valley this is increased to 2 miles 
as measured parallel to the axis of the 
latter. The western wall of the Du Noir 
Valley is straight and terminates at the 
south end in a narrow projecting spur 
which rises about 6co feet above the val- 
ley floor (Fig. 1, 2). The spur curves 
westward and upstream into Wind River 





through a short narrow gorge walled by 
steeply dipping Tensleep sandstone. 
Two prominent alluvial benches, the 
lower about 50 feet and the upper at 
least 100 feet above the river, lie on the 
northern edge of this gorge and are 
capped with coarse stream gravels 
(Fig. 1, 3). 


BULL LAKE MORAINE 


A lateral moraine extends from this 
narrow part of the Wind River Valley 
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in the vicinity of Bench Creek (Fig. 1, 4), 
northward along the eastern side of the 
valley and continues up the Du Noir 
Valley. It lies approximately 300 feet 
above the floor of the valley and extends 
almost unbroken to Fourmile Creek 
(Fig. 3, 1). The crest of the moraine 
descends along the valley 25 feet per 
mile. The moraine has a relief of approx- 
imately 50 feet and apparently rests upon 





Fic. 3.—Northwest along the crest of the Bull 
Lake moraine. Ramshorn Peak in the right back- 
ground. 


a bench or surface of the Circle erosion 
level of Eliot Blackwelder... Numerous 
Madison limestone and Tensleep sand- 
stone boulders are strewn over its surface, 
but the dominant boulders are volcanics. 
Blackwelder noted this moraine in 1915 
and identified it as Bull Lake. He states. 
At the mouth of the Du Noir River near the 
west end of the Wind River Basin, the position 
of the old terminal moraine is occupied by a 
spacious river floodplain; nevertheless, the old 
lateral moraine, now 200-300 feet above the 
river, is still largely intact and can be readilv 
identified by its hummocky topography.’ 
Boulders on the surface are not so nu- 
merous as on the younger moraine in this 
same valley. The surprising feature is 
the apparent freshness of the limestone 
*“Post Cretaceous History of Western Wyo- 
ming,” Jour. Geol., Vol. XXIII (1915), p. 325. 
2 [bid., p. 327. 
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boulders. They do not appear so deeply 
weathered as one would expect if, as pos- 
tulated by Blackwelder, the moraines 
are of Illinoian age. The limestones are 
weathered to a depth of about }—} inch. 
For this reason the writers suggest a 
younger age than that ascribed by Black- 
welder. 
PINEDALE MORAINE 


A second lateral moraine lies down- 
slope from the “Bull Lake’ moraine 
(Fig. 1, 5). This lower moraine is identi- 
fied by the writers as representing the 
Pinedale stage of glaciation. The two 
moraines are separate as far north as 
Sixmile Creek; there they come together 
and above that point their individual 
identity is lost. Where crossed by the 
road to the Wyoming Tie and Timber 
Company, a short distance south of Six- 
mile Creek, the Pinedale moraine ap- 
pears about 75 feet downslope from the 
Bull Lake. Continuing south in Du Noir 
Valley, this distance increases progres- 
sively and the moraine slopes at about 
35 feet per mile. The Pinedale moraine 
is not so large as the Bull Lake. Maxi- 
mum relief is not over 40 feet and the 
average is about 30 feet. The general ap- 
pearance of the weathered boulders is 
strikingly similar to those encountered 
on the Bull Lake moraine. Surficially, 
the limestone boulders of the two mo- 
raines show little difference, but weather- 
ing has penetrated not more than } inch 
from the surface. Madison limestone 
boulders are more abundant, however, 
and there is a noticeable increase in the 
number of Tensleep boulders. This is 
probably due to the stratigraphic posi- 
tion of the Madison formation, the ear- 
lier valleys not penetrating the Madison 
very deeply. The continuity of the Bull 
Lake moraine is locally broken at the en- 
trance of Fourmile and Fivemile creeks, 
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but the Pinedale remains undisturbed ex- 
cept for a slight bowing at the mouths of 
these valleys. 

The lower Pinedale moraine being un- 
disturbed while the higher one is defi- 
nitely breached indicates that the lower 
moraine is later than the upper. The 
slight difference in depth of weathering 
and the similarity of the weathered ap- 
pearance of boulders on the two moraines 
forcibly demonstrate the caution that 
must characterize the differentiation of 
glacial materials upon this basis in a 
semiarid region. 

Blackwelder states, in discussing the 
Wind River Basin generally: 

In many canyons glacial drift of two dis- 
tinct ages can be recognized easily, and it seems 
to me there is sufficient evidence that the later 
stage of glaciation is divisible into two quite 
distinct episodes. There are a few facts 
which hint at a still older or fourth stage, but 
they may be otherwise interpreted. Without 
attempting an actual correlation, the three sets 
of deposits may be compared to the late 
and early Wisconsin and the Illinoian or the 
Kansas drift sheets in the Mississippi Valley 
region. 


He further states, in discussing the Bull 
Lake stage in the Wind River Range and 
following a discussion of the Pinedale 
stage : 


The next older moraines, which I have 
compared with the early Wisconsin drift of 
Illinois, will be called the Bull Lake drift, from 
the locality of that name on the north slope of 
the Wind River Range. The deposits of this 
stage are definitely related to the terraces of the 
Circle erosion cycle in that they blend into the 
gravel strewn benches modern moraines 
blend into their outwash deposits.4 


as 


L. L. Ray’ concludes from his studies 
in the Medicine Bow Mountains of south- 


Ibid., p. 324. 4 [bid., p. 325. 


“Glacial Chronology of the Southern Rocky 
Mountains,” Bull. Geol. Soc. Amer., Vol. LI (1940), 
PP. 1574-77. 
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ern Wyoming that the glaciation in that 
area represents two substages of the Wis- 
consin—Wisconsin I and Wisconsin II. 
The Wisconsin I moraine would be cor- 
related with the Iowan of the Middle 
West and Wisconsin II would represent 
Tazewell-Cary.° 

The conclusion of the writers is that 
the two lateral moraines of Du Noir Val- 
ley represent two substages of the Wis- 
consin stage of glaciation, an early stage 
represented by the higher, Bull Lake mo- 
raine, probably Iowan and possibly the 
equivalent of Wisconsin I, and a later 
glaciation represented by the lower, Pine- 
dale moraine, probably to be correlated 
with the Wisconsin II. These conclu- 
sions are based on the following observa- 
tions. (a) the degree of weathering, even 
considering the climatic conditions, is 
surprisingly similar on the two moraines; 
(b) the general continuity of both mo- 
raines shows little evidence of erosional 
differences aside from the breaks in the 
Bull Lake in the valleys mentioned; (c) 
the amount of postglacial stream-cutting 
is farin excess of the cutting accomplished 
during the time intervening between the 
two stages of glaciation represented by 
the two moraines. Were the upper mo- 
raine Illinoian in age, the interval sepa- 
rating the two moraines should be great- 
er than that of the interval separating 
the Pinedale stage from the present val- 
ley level. 

GLACIAL HISTORY 

The size of the cirques and their num- 
bers, together with the extent of the lat- 
eral moraines, indicate clearly that the 
ice lobe extending down Du Noir Valley 
was much larger than that in the upper 
Wind River Valley. When Bull Lake ice 
moved down the Du Noir, the vailey 
floor was probably some 150-200 feet 


® Tbid., p. 1914. 
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higher than at present. Ice from East 
Fork and West Fork united high in the 
valley to form a large main mass moving 
down valley. The addition of other siz- 
able glaciers from the east evidently ex- 
erted considerable crowding, causing lat- 
eral planation against the west side of 
Du Noir Valley and the accompanying 
oversteepening of that slope. Certainly 
Bull Lake ice spilled over into the valley 





Mouth of the Du Noir Valley and the 
east wall along which the Bull Lake and Pinedale 
Bench Creek flows to the right 


Fic. 4. 


moraines extend. 
of 4. 


of Long Creek, as is evidenced by the 
glacially gouged gap in the vicinity of 
Dry Lakes (Fig. 2, 5) and the presence 
of Madison and Tensleep boulders di- 
rectly traceable to the Upper Du Noir 
and Ramshorn Peak area (Fig. 4, 1). In 
some parts of the lower valley the Bull 
Lake glacier was two miles wide. It also 
occupied the lower valley of the present 
Bench Creek and apparently spilled over 
the narrow gap just below the juncture 
of the Wind River and Du Noir River 
(Fig. 4,2). It also poured over the prom- 
inent spur on the west side of the valley 
just above the point of juncture. The 
general trend of the glacial debris from 
the mouth of Du Noir Valley across 
Wind River Valley may be readily traced 
by the Madison and Tensleep boulders. 
The Wind River glacier was carrying de- 
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bris from Tertiary sediments and volcan- 
ics almost entirely. 

Du Noir glacier thrust into Wind 
River Valley and apparently effectively 
blocked off Wind River glacier. Heaps 
of moraine extend up Wind River Valley 
from this junction to a point one mile 
upstream from the entrance of Long 
Creek into the Wind River Valley, a to- 
tal distance of over two miles. Wind 


River today flows through this massive § 


moraine, in reality a terminal moraine of 
the combined Wind River, Long Creek, 
and Du Noir glaciers. 

Events which followed the Bull Lake 
stage can be postulated only upon the 
basis of what followed the Pinedale stage, 
for it is probable that similar conditions 
prevailed. A terrace level about 50 feet 
above the floor of the present valley, and 
upon which the highway up Du Noir Val- 
ley is built (Fig. 4, 3), seems to represent 
the post-Bull Lake Valley floor over 


which Pinedale ice advanced. The small- | 





7 ee 


er size of its lateral moraine suggests | 


that the Pinedale glacier persisted for a 
shorter time than the Bull Lake glacier. 


Ice advanced from the same area as pre- | 
viously, and at the entrances to Four- § 
mile, Fivemile, and Sixmile creeks the 


Bull Lake moraine was broken. The 


Pinedale lateral moraine is bowed into § 


the valley in each of these areas and is 
much broader than elsewhere. This has 


been interpreted as either a persistence 
of glacial advance from these tributaries J 


with steep gradients after movement had 
slackened in the main valley, or the vol- 
ume of ice from these valleys during max- 
imum glaciation was sufficient to crowd 
the main glacier. 

That Pinedale ice was confined to the 
valley throughout most of its length is 
evidenced by the largely undisturbed 
higher Bull Lake lateral moraine. In the 
last mile of the valley, however, ice must 
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have overridden the walls on both sides, 
since the Du Noir Pinedale moraine ex- 
ists north of the spur jutting into Wind 
River Valley (Fig. 2, 6). 

The mouth of Du Noir Valley, and 
also of Wind River Valley as Du Noir 
enters it, was completely blocked by the 
combined terminal moraine of Wind 
River and Long Creek glaciers and 
Du Noir glacier. Lake silts on the floor 
and slopes of the valley up to within 
about a mile of East Fork record ponded 
water in Du Noir Valley to a depth of 
nearly 300 feet at the valley mouth. It 
persisted for some time, since 3 feet of 
lake silts veneer the valley floor and the 
Du Noir River meanders over this silt- 
covered lake bottom. Similar silts in the 
valley of Long Creek suggest a similar 
ponding in this area, also. 

While Du Noir Lake persisted, drain- 
age waters from Du Noir Valley spilled 
southwest into Long Creek Valley in the 
vicinity of Dry Lakes (Fig. 1, 6), and at 
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the same time spillways through the val- 
ley of Bench Creek (Fig. 4, 4) and Wagon 
Gulch conducted waters into the lower 
Wind River Valley. Quantities of well- 
washed coarse gravel high on the valley 
side and extending to the Wind River 
Valley attest this drainage. 

The combined Wind River and 
Du Noir waters eventually cut through 
the terminal moraine of both glaciers and 
re-established the main channel. In the 
process, Wind River was crowded south- 
ward against the southwest slope of its 
valley. This crowding developed a sharp 
re-entrant in the weak sandstone of the 
valley wall and developed a steep wall 
some 400 feet high. 

It is probably during this stage that 
the narrow steep-walled canyon was cut 
through the Tensleep sandstone near the 
niouth of Bench Creek. The main high- 
way, U.S. 287, from Dubois to Teton 
National Park, passes through this nar- 
row gap. 






REVIEWS 


The Origin of the Carolina Bays. By Douctas 
Jounson. (“Columbia Geomorphic Stud- 
ies,” No. 4.) New York: Columbia Univer- 
sity Press, 1942. Pp. xi+341. $4.50. 

A preliminary glance at the numerous excel- 
lent aerial photographs in Johnson’s book will 
convince every reader that the Carolina Bays 
represent a new and most peculiar type of land 
form. The so-called “‘bays”’ are shallow basins, 
a few hundred feet to several miles in length, 
with beautifully rounded oval outlines defined 
in part by single or multiple sand ridges usually 
most strongly developed around the south- 
eastern quadrants of the depressions. They oc- 
cur by tens or hundreds of thousands on the 
sandy coastal lowlands of the Carolinas and 
adjacent states; the long axes of the ovals are 
oriented in a northwest-southeast direction over 
a vast area. The striking symmetry of individ- 
ual bays, and their mutual relationships as seen 
on mosaics, will whet the appetite of the reader 
for an explanation of the origin of these curious 
features. 

After a brief introductory description of the 
bays and the setting of the problem, Johnson 
proceeds to an analysis of earlier views regard- 
ing their origin, devoting four chapters to the 
theory that they are pits or craters formed by 
the infall of a great swarm of meteorites. Mel- 
ton and Schriever, who first brought many of 
the peculiar characteristics of the bays to gen- 
eral attention, arrived at the meteor-crater 
hypothesis largely by elimination of normal ter- 
restrial processes as adequate causes for the 
oval form, subparallel orientation, and other 
extraordinary features of the sand-rimmed de- 
pressions. Subsequent discovery of magnetic 
highs in some parts of the pitted plain has been 
interpreted as indicating the presence of buried 
meteoritic bodies, and the meteor-crater view, 
widely publicized because of its spectacular na- 
ture, has come to be widely accepted. Because 
of a lack of direct evidence that the South 
Atlantic coast was recently subjected to a veri- 
table rain of meteorites larger in size than any 
known to science, and because, even if such an 
occurrence be accepted as a postulate, it would 
still fail to explain the extraordinary character- 
istics of the bays, Johnson regards the meteor- 
crater hypothesis as untenable. 


The author calls his own theory the ‘‘hypoth- 
esis of complex origin,” or, more fully, the 
“artesian-solution-lacustrine-aeolian hypothe- 
sis.”” He devotes one chapter to a statement of 
the theory, one to a demonstration of its com- 
petence to explain all the puzzling features of 
the bays, and one each to the further testing and 
analysis of the four phases of the hypothesis 
mentioned in its title. It will make for clarity in 
this review if attention is directed to Johnson’s 
views regarding three outstanding questions 
that will spring to the mind of every reader: 
(1) the manner of origin of the depressions, 
(2) the reason for their northwest-southeast 
elongation and subparallel orientation, and (3) 
the manner of development of the rounded out- 
lines and the origin of the sand rims. 

1. The depressions are attributed chiefly to 
excavation by upward-moving artesian water 
and to removal by ground water and artesian 
water of soluble constituents of the subjacent 
sediments. The resulting basins were broad and 
shallow, contrasting in this respect with some- 
what analogous sinks in soluble hard rock be- 
cause of ready slumping of the relatively uncon- 
solidated coastal-plain beds and a superficial 
mantle of loose sand. In so far as the depres- 
sion-forming processes, as such, were concerned, 
the original forms may have varied widely in 
shape; it is worth noting, in this connection, 
that the typical oval bays are often associated 
with irregular, closed depressions, clearly the 
result of settling, and that every gradation be- 
tween irregular and oval depressions occurs. 
Those depressions favorably situated with re- 
gard to the ground-water table at the time of 
their formation were occupied by shallow lakes. 

2. The elongation of the depressions is as- 
cribed (a) to slumping and outflow of quicksand 
from those portions of the margins of the basins 
where ground water entered the lakes, the 
“quickness” of the sand being due to exceed- 
ingly slow upward and outward currents of 
water; (+) to the solutional enlargement of a 
breach in a cap rock over an artesian aquifer, 
such enlargement tending to elongate the 
breach (and therefore the associated surface de- 
pression) up the direction of artesian flow; and 
(c) to a systematic shifting of points of emer- 
gence of upward-moving artesian water owing 
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to variations in the strength of artesian and 
ground-water movements. 

The subparallel northwest-southeast orienta- 
tion of the longer axes of the bays is held to be 
due to a relative constancy in the southeastward 
(downslope) direction of flow of ground water 
previous to a recent incision of streams and toa 
constancy in southeastward (downdip) direc- 
tion of movement of artesian water. 

3. The perfection of the oval outlines is as- 
cribed in part to the tendency of saturated loose 
sand to flow uniformly toward a center of re- 
moval and in part to the work of waves and 
wave-generated currents during the lacustrine 
phase of development of the bays. This part of 
the hypothesis of complex origin merits special 
attention, because, while all geologists will agree 
that littoral processes tend to smooth shoreline 
irregularities, many will hesitate to credit to 
these processes the wonderfully systematic out- 
lines that characterize the bays. The question is 
one of degree rather than of kind. But the evi 
dence adduced to prove that the symmetric 
sand ridges that define the bay margins are 
shoreline features, and especially the fact that 
several more or less concentric ridges around 
multiple-rimmed bays show the same system- 
atic symmetry, is wholly convincing. As a fur- 
ther test of the competence of shoreline proc- 
esses to produce the forms in question, the re 
viewer sought maps of the Minnesota lake dis- 
trict and found there, now in process of forma- 
tion in lakes of the same order of magnitude as 
the bay lakes, and in similar sandy materials, 
many of the features of the bay rims and many 
lakes which rival the bays in perfection of 
rounded and oval outlines. 

Some of the bays still contain lakes, but the 
majority are floored by swamps or peaty soils. 

Johnson believes that the transformation was 
due to a general lowering of the water table and, 
in part, to the encroachment of vegetation. It 
occurs to the reviewer that study of the pollen 
spectra and the general microbiology of core 
samples of the lacustrine sediments might aid in 
dating the lake stage, but this problem must 
await the attention of properly qualified experts 
in these fields. The tendency for the sand rims 
to be stronger and broader around the south- 
eastern quadrants of the bays is attributed toa 
dominance of westerly winds which caused a 
preferential eastward movement of sand by the 
waves and currents of the lakes and by wind 
directly during and after the close of the lacus- 
trine stage. 
The reader who prefers the type of theory in 
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which each and every stage in the development 

of a given feature is ascribed to one, and only 
one, process, operating in a fixed manner at all 
times throughout a large area, may feel confused 
and somewhat resentful at the freedom with 
which Johnson presents several possible ex- 
planations of the same feature. A younger and 
less experienced investigator might feel obli- 
gated to ‘‘commit himself,” and an investigator 
less “fertile in invention,” never having been 
troubled by the alternative possibilities that lie 
beyond his ruling theory, might have discussed 
the origin of the Carolina Bays as though he had 
been on hand to watch every stage in their de 
velopment. The fact is that many of the proc- 
esses that entered into the formation of the bays 
are not now in operation in the bay area or oper- 
ate at the present time with greatly reduced 
vigor; some of the formative processes that may 
still be in operation are not susceptible to direct 
observation because they are subterranean. 
Having gathered together every shred of avail- 
able evidence and subjected each of many lines 
of thought to rigorous analysis, Johnson finds 
himself with some processes that are certainly 
solely responsible for some features of the bays 
(such as the final smoothing of their outlines by 
wave work); with some processes that certainly 
operated locally but which cannot be given ex- 
clusive credit for the development of certain 
features because other processes, competent to 
produce similar forms, cannot be eliminated by 
available evidence (such as the role of solution 
in the formation of the depressions); and with 
some processes that may or may not have con- 
tributed to the development of certain features 
and whose quantitative importance is not as- 
sessable (such as the migration of a breach in a 
subsurface cap rock in the elongation of the 
bays). The strength of his discussion lies in the 
precision with which each line of thought is 
stated for exactly what it seems to him to be 
worth, together with a clear statement of the 
evidence, postulates, and reasoning on which 
his judgment is based. Without agreeing as to 
the relative quantitative importance of each of 
the processes described, the reviewer finds in the 
hypothesis of complex origin a complete and 
definitive solution of the perplexing problem of 
the origin of the bays. 

Johnson’s protracted researches on the bays 
problem resulted in the accumulation of an im- 
mense mass of detailed observational data of 
many types and involved consideration of a 
wide variety of processes, some far afield from 
geology. His success in organizing this material 
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for an audience that will include geologists, 
scientists in other fields, and intelligent laymen 
is a tribute to his mastery of the art of presenta- 
tion. The volume will reveal to the lay reader 
the full meaning and utility of the scientific 
method by providing a fascinating record of its 
application in an attack on a complex problem; 
the scientist will find in it an ingenious and fully 
documented explanation of a new and extraor- 
dinary type of land form. 

J. Hoover MACKIN 


The Dynamics of Faulting and Dyke Formation 
with Application to Britain. By E. M. An- 
DERSON. Edinburgh: Oliver & Boyd, 1942. 
Pp. 191; figs. 38. 15s. net. 

The author considers three classes of faults: 
(1) thrusts in which the greatest pressure was 
horizontal and the least pressure was vertical; 
(2) “transcurrent”’ faults where both the greatest 
pressure and the easiest relief were horizontal; 
and (3) normal faults in which the greatest pres- 
sure acted vertically and the easiest relief 
(reduced pressure or tension) was horizontal. 
Each type is illustrated by a group of three dia- 
grams showing (a) the greatest, intermediate, 
and least axes of stress, (b) the planes of maxi- 
mum tangential stress relative to the axis of 
greatest pressure, and (c) the planes of actual 
faulting. In all cases the faulting is at a more 
acute angle with the greatest pressure than the 
45° planes of maximum shearing stress, in ac- 
cordance with what the author calls ““Navier’s 
principle” (Paris, 1833), or what geologists in 
this country have sometimes called ‘“Hart- 
mann’s law” (Paris, 1896). Navier has priority 
by half a century, and his principle has been 
adopted by Anderson as the chief basis for his 
analysis of the faulting in Britain. And, in turn, 
the results of this study are regarded by the 
author as a vindication of that principle. 

Anderson says: “Dykes are strictly tension 
fractures, although, as was seen in the last chap- 
ter, they must have arisen from depths at which 
the tension cannot be regional’ (p. 28). For 
upward advance from such depths he pictures 
the dike tapering to a sharp edge which splits 
and wedges apart the rock ahead of it by the 
magma’s superior hydrostatic pressure. He ar- 
gues “from the close connection which subsists 
between dykes and normal faults, that the con- 
ditions are usually the same.”’ It would seem to 
the reviewer, however, that not enough atten- 
tion is paid to dikes which follow older lines of 
fracture developed under stress conditions quite 
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different from those obtaining when the intru- 
sion took place. 

Utilizing his concepts of faulting and dike 
intrusion, the author classifies the major fault 
and dike systems of Britain and postulates the 
orientation of the causal stresses. For each epi- 
sode of major deformation the crustal stresses 
are found to have affected large areas, and doubt 
is cast on the importance of local variations. 
Areal variations of rock resistance, however, are 
factors seemingly not to be overlooked. 

Impressing the reader particularly is the wide 
prevalence and magnitude of essentially vertical 
faults with dominantly horizontal slip. Many 
of the greatest faults in Britain are of this type, 
for which the author has adopted the designa- 
tion ‘“‘transcurrent faults.”” The term, however, 
does not seem a happy one because “running 
across” something is not the significant charac- 
teristic of many of these faults, although in 
other cases (as across the folded Juras) it very 
obviously is. The name “strike-slip fault’’ is 
cumbersome. The reviewer wonders whether 
the term “‘trace fault’’ would have sufficient ad- 
vantage to warrant its introduction. This could 
be used for a fault whose dominant component 
of slip was parallel to the trace of the fault as it 
appears on a map. 

Probably some geologists will regard this 
analysis of faulting and its application as an 
oversimplification, because various modifying 
factors are not sufficiently considered. For ex- 
ample, Navier’s principle applies particularly to 
brittle materials fractured in crushing machines 
where rupture occurs with but little preliminary 
plastic distortion. But in the earth important 
yielding by rock flow very commonly precedes 
fault-rupturing, in which case the inclination of 
the faults may be quite different from what the 
Navier principle might lead one to expect. We 
know that differences in rock competency mean 
differences in behavior under stress, and the 
strains may be either rotational or nonrotation- 
al. Navier’s principle is only one of several 
principles involved. But perhaps, with present 
information, some such simplification is a prac- 
tical necessity. In any case structural geologists 
will be thankful to have the results of this study, 
which are distinctly valuable. 



































“Laterite and Its Structural Uses in Thailand 
and Cambodia.” By Ropert L. PENDLE- 
TON. (Geographical Review, Vol. XXX1.) 

New York, 1941. Pp. 177-202; figs. 63. 
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“Laterite, or Sila Laeng, a Peculiar Soil Forma- 
tion.” By RosBert L. PENDLETON. (Thai 
Science Bulletin, Vol. 111, Nos. 3-4.) Bang- 
kok, 1942. Pp. 61-77; pls. 24. 


“Analyses and Profile Notes of Some Laterite 
Soils and Soils with Iron Concretions of Thai- 
land.””’ By RoBert L. PENDLETON and SAN- 
GAR SHARASUVANA. (Soil Science, Vol. LIV.) 
Baltimore, 1942. Pp. 1-26; figs. 8. 


In 1807 Francis Buchanan proposed the 
term “‘laterite’’ for a ferruginous material which 
was quarried from the soil of south India in 
blocks which hardened upon drying and could 
then be used in the construction of masonry 
buildings. Since Buchanan’s time the word 
“Jaterite’’ has been applied to several different 
soil and subsoil materials in equatorial regions. 
The demonstration by Max Bauer in 1898! that 
laterite from the Seychelles Islands was made 
up essentially of iron and aluminum hydroxides 
has influenced most geologists who have pro- 
posed definitions since that time. Now Pendle- 
ton, as the result of his extensive field experience 
in Thailand, concludes that the varied bulk 
composition of Thai laterites and their frequent- 
ly close association with aluminum-silicate clays 
make desirable a return to Buchanan’s usage. 
“Laterite’’ would then become a soil term, and 
its definition would be based on characters de- 
terminable in the field. 

Pendleton’s usage is similar to that of E. C. J. 
Mohr, of the Netherlands Indies, and J. A. 
Prescott, of Australia, and not greatly different 
from that of J. B. Scrivenor? and several other 
men with tropical field experience. Pendleton 
has been influenced especially by Mohr. 

In Thailand and adjacent Cambodia laterite 
has been used extensively as a building stone, 
especially in the great structures of the tenth 
and eleventh centuries. It is still quarried and 
used to a small extent. A good idea of the an- 
cient ruins and of the appearance of laterite 
blocks can be obtained from the numerous fine 
illustrations in Pendleton’s article in the Geo- 
graphical Review. 

Laterite is widespread in Thailand as a sub- 
soil layer formed beneath an extensive peneplain 
and characterized essentially by the presence of 
an abundant iron-oxide cement. The laterite 
layer is usually between } and 4 meters in thick- 
ness and covered by 1 meter or less of leached 
surface soil (lixivium). The laterite horizon may 


' Neues Jahrbuch, I, 193. 
? Geology of Malaya (1931). 


REVIEWS 









I4I 


be a rather soft, but continuous, mass suitable 
for quarrying, or made up of discontinuous limo- 
notic chunks or pellets. Laterite is almost never 
formed at the surface; extensive exposures are 
due to the removal of the overlying soil. 

The surface soil above laterite is commonly 
either clay or a quartz-rich sand. The laterite 
is pisolitic if developed in a soil derived from 
sandstone; if developed in a clay soil it encloses 
blebs of the clay and later may become vesicular 
if the clay is washed away during erosion. The 
associated clay has the physical properties of an 
aluminum silicate rather than a hydroxide or 
oxide, and analyses of clay (“‘fine earth’’) de- 
veloped on andesite (?) run 40-42 per cent 
SiO,.3 One set of laterite chunks suspected of a 
basaltic origin ran 6.2 per cent SiO,, 62.5 per 
cent Fe,O,, 15.9 per cent Al,O;.4 More com- 
monly, the hard laterite contains a percentage 
of sesquioxides two to four times that of silica; 
for the fine earth the reverse is frequently true. 

As Pendleton points out, it would be desir- 
able to have analyses and X-ray studies of col- 
loids from the Thailand clays associated with 
laterites. The petrologist, especially, feels the 
need of such studies, and also of petrographic 
work, in order to show just what aluminum and 
iron minerals are present, and the texture (in 
the petrologic sense) of the indurated soil ma- 
terial. But, whatever may be the details and 
variations of laterite composition, Pendleton 
has made a persuasive argument for a return 
to Buchanan’s definition. The word is needed 
as a field term by workers in equatorial regions. 

The reviewer, accepting “‘laterite” as a gen- 
eral field term, feels the need of another word 
for weathered material which is found by labora- 
tory study to be composed essentially of alumi- 
num hydrates, with or without iron hydrates. 
For this purpose “‘allite’’ is available.‘ 


A. O. WoopFoRD 


Report of a Conference on Sedimentation. Tulsa: 
American Association of Petroleum Geolo- 
gists, 1942. Pp. 68 (planographed). 

This publication is a transcript of the pro- 
ceedings of a conference conducted by the Re- 
search Committee of the Association at Denver, 


3 Pendleton and Sharasuvana, p. 12. 
4 Ibid. 


5H. Harrassowitz, Forischr. d. Geol. u. Pal., Vol. 
IV (1926), p. 255. 
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Colorado, on April 25, 1942. A. I. Levorsen pre- 
sided. The meeting, which purported to be a 
round-table discussion on the nature and con- 
tent of college courses on “‘sedimentation,” ap- 
parently developed into a debate on the value 
of the quantitative approach to the problems of 
the sedimentary rocks. 

Formal papers were presented by W. H. 
Twenhofel, of the University of Wisconsin, 
R. Dana Russell, of Louisiana State University, 
P. D. Krynine, of Pennsylvania State College, 
and W. C. Krumbein, of the University of Chi- 
cago. The report also contains a verbatim rec- 
ord of the discussion of others engaged in the 
teaching of sedimentation and by petroleum 
geologists. In all, twenty-seven individuals par- 
ticipated. 

The report will be of value as a summariza- 
tion of the present views and philosophies of 
those engaged in both teaching and research in 
the field of sedimentology. It contains many 


fruitful suggestions and outlines the shape of 
things to come in this rapidly growing phase of 
geology. It contains also helpful discussion on 
the ways in which a student can be better fitted 
for petroleum geology, which means in the last 


analysis a better geologist. 
F. J. PETTIJOHN 


The Geology of Crater Lake National Park, Ore- 
gon, with a Reconnaissance of the Cascade 
Range Southward to Mount Shasta. By 
Howe WiitAMs. Carnegie Institution of 
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Washington Publication 540. Washington, 
1942. Quarto, pp. vi+162; pls. 31; figs. 31. 
Paper, $2.50; cloth, $3.50. 

Recently reviewed in the Journal' was Crater 
Lake: The Story of Its Origin, by Howel Wil- 
liams. This was a delightful, semipopular book 
of much scientific merit. Now, under the aus- 
pices of the Carnegie Institution of Washington 
the same author has brought out what is in 
effect a monograph on the same subject. Where- 
as the earlier simplified version utilized only the 
evidence necessary to give the gist of the story 
of Crater Lake, the present volume sets forth 
in detail the full results of a comprehensive in- 
vestigation which seemingly leaves little to be 
added by further work. 

The air of mystery which has hung over 
Crater Lake has now been largely dispelled. Of 
the 17 cubic miles of former Mount Mazama 
which have been removed to form the present 
caldera, only about 13 cubic miles of the cone 
were blasted away by explosion. An additional 
5 cubic miles of pumice and scoria, derived from 
new magma, were scattered over the surround- 
ing country, in place of which a comparable 
volume of old rock could have caved into the 
magma chamber. The remaining 103 cubic 
miles of the old volcano must have vanished by 
collapse and engulfment following withdrawal of 
magmatic support as large volumes of magma 
were injected into fissures at depth. 
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A book of 119 magnificent 
aerial photographs 


FLIGHTS OVER 
ANCIENT CITIES OF IRAN 


By ERICH F. SCHMIDT 


‘The reviewer has seen no other publication in which air photo- 
graphs have been so sumptuously presented. The large format 
permits a magnificent sweep of landscape in full-page views. 
The archeologist and the historian will delight in the details 
so clearly shown in the pictures themselves and further 
elucidated in the text and by means of supplementary maps, 
transparencies, and lines drawn on some of the views themselves 
to emphasize particular features. The text is a pleasant blend- 
ing of archeology with informal accounts of flights and journeys. 
Many of the oblique views are breath-taking in the austere 
grandeur of the desolate scenery they show, especially in the 
little-known mountains of Fars and Luristan and along the 
fringes of the desert Many of the photographs will inter- 
est geographical students of land forms and erosion patterns as 
well as of types of contemporary settlement and land utiliza- 
”—Geographical Review. 


119 plates, 6 maps, folio (30X40 cm.) 
$20 
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Among the articles to appear in early numbers 
of The Journal of Geology are the following: 


Critical Structures of the Gros Ventre and Northern Hoback Ranges, 
Wyoming. By Vincent E. Netson and Victor CuurcH 


Flow Structures in the Berea Sandstone and Bedford Shale of Central 
Ohio. By Joun R. Cooper 


Some Altered Palagonite Tuffs from Jamaica and the Origin and His- 
tory of Their Chlorites. By Frank Raw 


The Rarer Metallic Constituents of Some American Igneous. Rocks, Ul. 
By Ernest B. SanDELL and Samuet S. Go.picu 





Reference List in Earth Sciences. By Lincoutn R, THIESMEYER 














An AA.P.G. Book (1942) 


SOURCE BEDS OF A DESCRIPTIVE 
PETROLEUM PETROGRAPHY OF THE 


By PARKER D. TRASK and IGNEOUS ROCKS 


H. WHITMAN PATNODE By Albert Johannsen 


REPORT OF INVESTIGATION SUPPORTED 
JOINTLY BY THE AMERICAN PETROLEUM 
INSTITUTE AND THE GEOLOGICAL SURVEY Volume I. Inrropuction, Textures, 
OF THE UNITED STATES DEPARTMENT OF CLasstricaTions, AND GLossaRr 

THE INTERIOR FROM 1981 TO 1941 $4.50 
RESULTS OF A.P.I. RESEARCH COMMITTEE 
NO. 4. WORK DONE UNDER ADVISORY Volume II. Taz Quartz-Bearine Rocks 
COMMITTEE COMPOSED OF R. F. BAKER, $4.50 


Be ee. oy erat a Oe Sea ; 
HEROY, L. P. GARRETT, F. H. LAHEE, A. W. Volume III. Tae Inrermepiate Rocks 


McCOY, H. D. MISER R. D. REED, AND L. C. $4.50 


SNIDER 
“<The main object of thie study of lithified 4 Volume IV. Part I. Tue Fe.pspaTnow 
has been to determine diagnostic criteria for recog- Rocks 


nizing source beds.” ; Part II. Tae Periworrres anp Perx- 


600 pages, with bibliographies and index. 
72 figures, 152 tables. 6 x 9 inches. 
$4.50, POSTPAID 
($3.50 to A.A.P.G. members and 
associate members) 
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